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K4 putative ORF 1 with BcbE and EcbE

K4 Ko putORF 1

P mult seroB BchE
P mult serol EchbE
Consensus

TIPMAGLSS

51

K4 Ko putORF 1

P mult seroB BcbhbE
P mult serok EchbE
Consensus

K4 Kfo putORF 1 (10L)

P mult seroB BcbhE (100)
P mult seroE EchbE (100)
Consensus (101)

K4 Kfo putORF 1 (15L)

P mult seroB BchkE (150)
P mult serokE EcbE (150)
Consensus {151)

K4 Kfo putORF 1 ( )

P mult seroB BckE | )
P mult seroE EcbhbE (200)
Consensus { )

K4 Kfo putORF 3 (1)
P mult seroB BcbF (1)
P mult serol LcbF (1)
Consensus (1)
K4 Kfo putORF 3 (51)
P mult seroB BcbhbF (48)
P mult serol LcbF (48) @RN%
Consensus (51) SRNMRIYEGNICGKINIHT
130
X4 Kfo putORF 3  (101) KCF-
P mult seroB BcbF (98) -
P mult serol EcbF {(98) EE-
)

Consensus (101
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o @~ N Ut e W e e

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

: T1387 of AB0O79602 is absent; Frameshift KfoG

:a T is present between positions 1490 and 1491 of AB079602; Frameshift KfoG-Orf2
: G2250 of AB079602 is an A; Missense KfoF S261L

: C3265 of AB079602 1s absent; Frameshift Orfl

: G4858 of ABO79605 is an A; Silent KfoE GCC — GCT

: T4948 of AB0O79605 is an A; Missense KfoE R157S

: T5025 of AB079602 is an A; Missense KfoE 1132F

: G5026 of AB079602 is a T; Silent KfoE GCC—GCA

: C5028 of AB079602 is an A; Missense KfoE A131S

: T5041 in AB0O79602 1s an A; Misscnse KfoE E126D
G5049 in AB079602 is an A; Missense KfoE P124S
T5057 in AB079602 is an A; Missense KfoE K1211
T5068 in AB079602 is an A; Misense KfoE E117D
C5071 in AB0O79602 is an A; Misense KfoE E116D
A5890 in AB079605 is absent; Frameshift KfoD
G5921 m AB0O79605 1s a T; Missense KfoD Q452K
T6021 in AB079602 is an A; Missense KfoD K418N
T6024 in AB079602 is an A; Missense KfoD E417D
C6183 in AB079602 is an A; Silent, KfoD GTG—GTT
C6593 in AB0O79602 is a T; Missense KfoD E228K
G11105 in AB079602 is a T; Missense KfoB H511IN
GI11111 in ABO79602 is a T; Misscnse KfoB Q509K
G11341 in AB079602 is a T; Missense KfoB T432K
A12531 in AB079602 is a T; Missense KfoB D35E
T13434 in AB079602 is an A; silent KfoA GTA—GTT
(5200 in AB079602 is an A; silent KfoE ATC—ATT

FIGURE 4A Differences 1-26 in nucleotide sequences
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KfoG and Orf2: Sequence differences 1 & 2 fuse Orf2 and KfoG into a single ORF.

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACOOLLSE

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACOOLLSE

K4 Kfo putORFZ
SEQ ID NO:30 | IAL%LRIGLTQKAISTLAQIDASD%VY

K4 KfoG BACOOLLSE MPVI%YI
1 200

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACOOLLSE

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACOOLLSE

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACO0OS1SH

K4 Kfo putORFZ
SEQ ID NO:30
K4 KfoG BACOOS51H

K4 Kf{o putORFZ
SEQ ID NO:30
K4 KfoG BACO0OS1SH

K4 Kfo putORF2
SEQ ID NO:30
K4 KfoG BAC00516

K4 Kfo putORF2
SEQ ID NO:30
K4 KfoG BACO0S518

KfoF: Sequence difference 3 results in | amino acid difference in KfoF; S261L.

FIGURE 4B Differences in predicted protein amino acid sequences
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Orfi: Sequence difference 4 results in extension of Orfl coding sequence

50
HOEBLEDICIEEERIVERIEREY
L e

K4 Kfo putCORE 1 (1) MEZIPME&
SEQ ID NO:32 (1) MIXIPM%GMQV i

g
WAooy

K4 Kfo putCRE 1
SEQ ID NO:32

K4 Kfo putORF 1
SEQ ID NC:32

K4 Klo pulCRE 1 )
SEQ ID NC:32 151) mngkw BEROISNI Gt
201 942
K4 Kfo putORE 1 (201) YEENIBLSN---—---mmmm oo
SEQ ID NO:32 {201) IR IVEYLISNGIKVYYTEINKSDVIFCGTPREYENLQGKX

KfoE: Sequence differences 6,7, 9, 10, 11, 12, 13 & 14 result in amino acid changes.

Sequence differences 5 and 8 are silent.

H 50

K4 KfoE BACD0520 T
SEQ ID NO:26

K4 KfoE BACD0520
SKQ ID NC:26

K4 KfoE BAC00520
SEQ ID NO:Z¢

K4 KfoE BAC00520
SEQ ID NO:26

K4 KfoE BACD0520
SEQ ID NC:26

K4 KfoB BAC00320
SEQ ID NOC:26

K4 KfoE BACD0520
SEQ ID NO:26

K4 KfoE BAC00520
SEQ ID NO:26

K4 KL{oE BACO0520 o i o i
SEQ ID NO:26  (401) BeiMB Bl oinel ‘g;'l,‘_ L zﬁﬁﬁﬁﬁfhszg
500
K4 KfoZ BACDO520 (¢ TiiareE Henn
SEQ ID NC:26  {451) ﬁgzwigm LFWIQQ?EVSIIKEKY&ISKK&EY&M“IHLg 5%»&;&@93&
501 522
K4 KfoE BARC00520 (501) AHibaiiin drbmnaay
SEQ ID NO:26  (501) ERiALD iy

FIGURE 4B (Continued)
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Orf3: No sequence differences.

KfoD: Sequence difference 15 results in truncation of KfoD.
Sequence differences 16, 17, 18 & 20 result in amino acid substitutions.
Sequence difference 19 is silent.
1 5C

K4 KfoD BACQ0521
SEQ ID NO:24

K4 KfoD BACO0DL21
SEQ ID NO:24

K4 KfoD BACO0521
SEQ ID NO:24

K4 KfoD BACO0521
SEQ ID NO:24

K4 KfoD BACU0521
SEQ TD NO:24

K4 KfoD BAC00521
SEQ TD NO:24

K4 KfoD BACO0521
SEQ ID NO:24

K4 KfoD BAC00521
SEQ TD NO:24

K4 XKfoD BACU0521 v i . e . .
SEQ TD NO:24 01) YOURDIMRKIMCVECLENIYSOLESLIEaN Y RE0H IRVOLEARBIN D
488
K4 KfoD BAC00521  (451) COUBHIEIRH VBASINIARTNTFFAGMSYLLOGIDIT
SEQ ID NO:24 (451) ¢ R ‘

IS2: No scquence differences.

KfoC: No sequence differences.

FIGURE 4B (Continued)
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KfoB: Sequence differences 21, 22, 23 & 24 result in amino acid substitutions.

K4

K4

K4

K4

K4

K4

K4

K4

K4

K4

K4

KfoB BAC00524
SEQ ID NO:20

KfoR RAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID NO:20

KfoB BAC00524
SEQ ID N0:20

KfoB BACO0524
SEQ ID ND:20

KfoB BAC00524
SEQ ID NO:ZzO

251 300

KfoA: Sequence difference 25 is silent.

FIGURE 4B (Continued)
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Step One: The plasmid-borne deletion is
integrated into the chromosome by
homologous recombination. Sclection for
the “pop-in” event is accomplished by
selecting for maintenance of an antibiotic
resistance marker carried by the plasmid
under conditions that prevent autonomous
replication of the plasmid.
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Antibiotic resistance
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e Deletion Target
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integrant Chromosome

Step Two: Subsequently, the integrant
strain is grown for many generations in
the absence of antibiotic selection.
Recombination that occurs in the
opposite flanking region excises the
plasmid sequences and the targeted
chromosomal region. The desired
chromosomal deletion mutation is left
in the chromosome. Deletion mutants
are identified by screening individual
colonies for loss of the antibiotic
resistance marker and presence of the
desired chromosomal DNA structure.
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Figure 9. Western blot analysis of expression of KpsF, KpsD, KpsC, KpsS, KfoA and KfoC
in E coli K-12. 50 mL cultures of indicated strains were grown in 250 mL shake flasks at 30°C
in TB medium plus 5 pg/mL tetracycline. Aligouts of each culture were induced with 1 mM m-
TA at ~0.1 OD A600. Cultures were harvested at 24 post-induction and analyzed by Western
blots using antisera directed against individual proteins as designated above each panel. Arrows
indicate the reacting band(s) identified as specific to the target protein. Samples run in each lane
are as follows: 1; MSC278 = MSC188 pDD63 (empty vector), 2; mol wt marker, 3; MSC274 =
MSC175 pDD62 uniduced, 4; MSC274 = MSC175 pDD62 + m-TA, §; MSC279 = MSC188
pDD66 uniduced, 6; MSC279 = MSC188 pDD66 + m-TA, 5; MSC280 = MSC188 pDD67
uniduced, 6; MSC280 = MSC188 pDD67 + m-TA.
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FIGURE 12 SEC-HPLC profiles of recombinant chondroitin (rfCH) before and after C-ABC
digestion.(a) rCH before digestion and (b) rCH after C-ABC digestion.
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digestion.(a) K4P before digestion, (b) K4P after C-ABC digestion, (¢) DFK4P before
digestion and (d) DFKA4P after C-ABC digestion
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Family Tree of E. coli Chondroitin-Producing Strains

Figure 15.

MSC392 Acol::PmikpsMTkfoABCFGIPmikpsFEDUCS) tetR Leu”

AfhuAc:Psyn{xylS}

+ kfoABCFG at
Afhu::PsynixylS
MSC467 Leu” | ———» MSC537 Leu” | ———»| MSC562 Leu”
Deletion
of tetR

Deletion of tetR gene
Spontaneous leuB mutation
Selection for growth

—_

MSC619 Leu’

+ lacZ::PmikfoABCFG}

on minimal medium

MSC561 Leu™

+ lacZ::Pm{kfoAg‘CFg/

MSC625 Leu”
Selection for growth
on minimal mediuy

MSC673, 674, 680 Leu”

+ mtlA:Pm{kfoABCFG}

MSC627 Leu™

+ lacZ:Pmi{kfoABCFG}

+ lacZ::PmikfoABCFG}

MSCE50 Leu™

Selection for growth
on minimal medium

+ mtlA::Pmi{kfoABCFG}

pBR1103 (Leu’)

MSC700 Ley™

l pBR1103 (Leu’)

MSC670, 677, 678 Leu” v

MSC669, 671, 672 Leu”

+ fruh::Pm{kfoABCFG}

MSC646 Leu

Selection for growth
on minimal medium

MSC675, 676 Leu”

MSC679 Leu™

Selection for growth
on minimal medium

MSC691, 692, 693, 694 Leu”

MSC691 +
mtiA:PmikfoABCFG}

MSC722 Leu” MSC724 Leu”

MSC723 Leu”

MSC701, 702 Leu’




US 9,175,293 B2

1
COMPOSITIONS AND METHODS FOR
BACTERIAL AND GENETICALLY MODIFIED
MICROORGANISM PRODUCTION OF
CHONDROITIN

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/038,326, filed Mar. 1, 2011, now U.S. Pat. No. 8,697,
398, which claims the benefit of the filing date of U.S. Appl.
No. 61/309,407, filed Mar. 1, 2010, each of which is hereby
incorporated by reference herein in its entirety.

REFERENCE TO SEQUENCE LISTING

The content of the electronically submitted sequence list-
ing (“sequencelisting_ascii.txt”, 902,707 bytes, created on
Mar. 1, 2011) filed with the application is incorporated herein
by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of recombinant DNA
technology for the production of chondroitin, including the
production of chondroitin sulfate viaa combination of recom-
binant bacterial fermentation and post-fermentation sulfa-
tion.

2. Background Art

Chondroitin belongs to a family of heteropolysaccharides
called glycosaminoglycans (GAGs). Glycosaminoglycans
(GAGs) are unbranched, negatively charged polysaccharide
chains composed of repeating disaccharide units, one of
which is an acidic sugar and the other of which is an amino
sugar (N-acetylglucosamine or N-acetylgalactosamine), that
can be sulfated. Because of their inflexible nature and high
negative charge, GAGs exhibit highly extended conforma-
tions occupying large amounts of space, attracting cations
and water and forming porous gels in the extracellular matrix.
As such, GAGs, which are found in most animals, help to
hydrate and expand tissues and enable the matrix to withstand
compressive forces. The cartilage matrix lining the knee joint,
for example, can support pressures of hundreds of atmo-
spheres by this mechanism.

Chondroitin sulfate is important for maintenance of carti-
lage strength and resilience and is marketed as a nutritional
supplement to reduce joint pain and promote healthy cartilage
and joint function. Clinical studies support the use of chon-
droitin sulfate for treatment of osteoarthritis (See, for
example, Kahan et al., Arthritis and Rheumatism 2009;
60:524-533; Michel et al., Arthritis and Rheumatism 2005,
52:779-786 and Uebelhardt et al., Osteoarthritis and Carti-
lage 2004; 12:269-276), interstitial cystitis (See, for example,
Nickel et. al., BJU Int. 2009; 103:56-60 and Cervigni et al.,
Int. Urogvnecol. J. Pelvic Floor Dysfunct. 2008;19:943-947),
and synovitis (See, for example, Hochberg and Clegg,
Osteoarthritis and Cartilage 2008; 16(Suppl. 3):S22-S24
and Moller, Osteoarthritis and Cartilage 2009; 17(Suppl.
1):S32-S33). These documents are incorporated by reference
herein in there entireties.

Chondroitin sulfate is currently produced by extraction
from cartilage of animals including cows, pigs, sharks and
poultry, using chemical and enzymatic treatments to dissoci-
ate the polysaccharide from the protein and produce a
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polysaccharide product of varying quality (Barnhill et al., J.
Am. Pharm. Assoc. 2006; 46:14-24, Volpi, J. Pharm. Phar-
macol. 2009; 61:1271-1280).

Chondroitin contains D-glucuronic acid (GIcUA) and
N-acetyl-D-galactosamine (GalNAc). It is composed of a
disaccharide repeating unit $3GalNAc-f4GIlcUA. Typically,
the GalNAc residues are variably sulfated at the 4 and 6
positions. Chondroitin sulfate occurs naturally as a compo-
nent of proteoglycans that are structural components of car-
tilaginous tissue, such as joints, in humans and other animals.
Proteoglycans consist of a core protein and a polysaccharide
component, such as chondroitin sulfate, which is covalently
attached to the protein through an oligosaccharide linker as
shown in FIG. 1. The core protein is decorated with multiple
polysaccharide chains. Proteoglycans can be anchored in the
cell membrane with the polysaccharide-containing portion of
the protein present in the extracellular space or can be
secreted and localized in the extracellular matrix (Prydz and
Dalen, J. Cell Sci. 2000; 113:193-205).

The glycosyltransferase enzymes responsible for synthe-
sizing the chondroitin backbone (chondroitin synthases) do
so by adding alternating monosaccharide units of GalNAc
and GlcUA from UDP-GalNAc and UDP-GIcUA donors to
an accepting substrate. Theses enzymes have been identified
in humans (Kitagawa et al., J. Biol. Chem. 2001; 276:43894-
43900; Yada et al., J. Biol. Chem. 2003; 278:39711-39725),
and homologs of human chondroitin synthase have been iden-
tified in a variety of other animals including horse, cow,
rodents, dog, chicken, zebra fish, nematodes, and insects
(www.ncbi.nlm.nih.gov/homologene/8950).

Some bacteria also produce chondroitin or chondroitin-
like polysaccharide polymers as a component of their cap-
sule. Unlike the chondroitin sulfate found in vertebrates,
microbial chondroitin is not present as a proteoglycan, but
rather as a lipid-linked polysaccharide on the bacterial cell
surface and as free (i.e., not cell-associated) polysaccharide in
culture media (Whitfield, Annu. Rev. Biochem. 2006; 75:39-
68; DeAngelis, Glycobiol. 2002; 12:9R-16R).

Two bacteria, E. coli K4 (Rodriguez et al., Eur. J. Biochem.
1988; 177:117-124) and Pasteurella multocida serotype F
(Rimler, Vet. Rec. 1994; 134:191-192), were reported to pro-
duce non-sulfated, chondroitin-like, capsular polysaccha-
rides that potentially could be chemically modified to pro-
duce chondroitin sulfate. E. coli K4 was shown by Rodriguez
et al. to produce an unsulfated chondroitin backbone with
fructose side branches (K4 antigen) as a capsular polymer
component. Ninomiya etal. (J. Biol. Chem. 2002; 277:21567-
21575) identified and sequenced key genes required for bio-
synthesis of the chondroitin-like capsular polysaccharide in
E. coli K4. These sequences were deposited with GenBank™
having accession number AB079602. The sequences dis-
closed by Ninomiya et al. comprise the so-called “region 2”
portion of the “group 2” capsule gene cluster of £. coli K4. A
detailed description of the organization of capsule gene clus-
ters in E. coli is provided by Whitfield (4nnu. Rev. Biochem.
2006; 75:39-68). Theregion 2 genes of E. coli group 2 capsule
gene clusters encode the proteins that determine the structure
of the capsular polysaccharide. The AB079602 sequence
includes a gene, termed kfoC, that encodes the E. coli K4
chondroitin polymerase. The E. coli K4 chondroitin poly-
merase is a bifunctional glycosyltransferase that transfers
GlcUA and GalNAc alternately to the non-reducing end of a
chondroitin saccharide chain and related oligosaccharides,
producing the chondroitin backbone of the K4 antigen
polysaccharide. The chondroitin-like capsule polysaccharide
produced by E. coli K4 contains fructose, linked ($1,3) to the
GlcUA residues of chondroitin. Pasteurella multocida Type F
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also produces an unsulfated chondroitin capsule component
and the glycosyltransferase responsible for chondroitin poly-
merization in this organism has also been cloned, as reported
in DeAngelis & Padgett-McCue, J. Biol. Chem. 2000; 275:
24124-29. Like the K4 chondroitin polymerase, the Pas-
teurella chondroitin synthase (pmCS, Genbank Accession
No. AAF97500) is a single polypeptide enzyme that can
synthesize a chondroitin polymer from UDP-GIcUA and
UDP-GalNAc when provided with an appropriate acceptor
substrate.

Traditional methods of chondroitin sulfate production
involving purification from animal tissue can be laborious
and cost intensive. Moreover, production of chondroitin sul-
fate from animal tissue is necessarily associated with the
potential for infectious agents to be present in the chondroitin
sulfate products. Care must be taken during production from
animal tissues to minimize the likelihood of such potential
infectious agents. Such shortcomings can be addressed by
using alternative approaches utilizing recombinant DNA
technology for production of chondroitin. Recently, micro-
bial production of chondroitin has been suggested by DeAn-
gelis (US Patent Application Publication No. 20030109693)
and by Cimini et al. (Appl. Microbiol. Biotechnol. 2010;
85(6):1779-87 (Epub Oct. 1, 2009)). However, the known
microorganisms that produce chondroitin (Pasteurella mul-
tocida) or chondroitin-like (E. coli K4) polysaccharides are
known pathogens to various mammals and therefore unsuit-
able for large scale fermentation. They are also relatively low
producers of the polysaccharide.

In particular, P multocida is considered not suitable for
commercial production of chondroitin because of its low
yield, requirement of expensive media, and Biohazard Level
2 (BL2) status, which requires specialized and expensive
facilities. High yields from a microorganism would be nec-
essary for commercially profitable production of chondroitin.
DeAngelis (US Patent Application Publication No.
20030109693) mentions the possibility of expressing pmCS
in host cells such as a food grade Lactococcus or Bacillus to
synthesize recombinant chondroitin. However, Bacillus is a
gram positive bacterium and, as such, has a very different
membrane/cell wall structure than gram negative organisms
like E. coli and Pasteurella multocida. Efficient secretion of
the polymer would, therefore, be expected to be problematic
in Bacillus.

E. coli K4 is also unsuitable for production of chondroitin
because it is known to be a human pathogen. Moreover, it
does not produce chondroitin per se, but instead produces, as
noted above, a fructosylated form of chondroitin. Extensive
chemical or enzymatic modification of this polysaccharide is
required to produce chondroitin. Such modification increases
the total cost of the process. Additionally, it requires intro-
duction of further processes and quality control measures to
determine that such modification was complete and generated
a consistent product.

There is a need, therefore, for an efficient, safe and cost
effective process for the production of chondroitin. The
present invention addresses this need by providing constructs
and host cells and methods for recombinant microbial pro-
duction of chondroitin which can subsequently be sulfated to
produce chondroitin sulfate.

BRIEF SUMMARY OF THE INVENTION

The present invention is directed to a construct comprising
a gene cluster comprising kpsF, kpsE, kpsD, kpsU, kpsC,
kpsS, kfoA, kfoC, and kfoF, wherein the gene cluster does not
contain a functional gene of one or more of kfoD, orf3(kfol),
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kfoE, or orfl (kfoH), and wherein the construct is suitable for
producing a chondroitin in a non-pathogenic bacterial host
cell. In some embodiments, the chondroitin is non-fructosy-
lated. In some embodiments, the chondroitin is secreted from
the host cell. In some embodiments, the gene cluster further
comprises kfoG, kfoB, or both kfoG and kfoB. In some
embodiments, the gene cluster further comprises kfoM and
kfoT. In some embodiments, the construct comprises pDD66,
pDD67, pCX040, pCX041, pCX042, pCX043, pCX096, or
pBR1052.

The present invention is directed to a construct comprising
a gene cluster comprising kfoA, kfoC, and kfoF, wherein the
gene cluster does not contain a functional gene of one or more
of kpsM, kpsT, kpsE, kpsD, kpsC, or kpsS, and wherein the
construct is suitable for producing a chondroitin in a non-
pathogenic bacterial host cell. In some embodiments, the
chondroitin is not secreted from the host cell. In some
embodiments, the construct also does not contain a functional
gene of one or more of kfoD, orf3, kfoE, or orfl. In some
embodiments, the chondroitin is non-fructosylated. In some
embodiments, the gene cluster further comprises kfoG, kfoB,
or both kfoG and kfoB. In some embodiments, the construct
comprises kfoA, kfoB, kfoC, kfoF, and kfoG. In some
embodiments, the construct comprises pCX039, pCX044, or
pCX092. In some embodiments, the construct comprises
pCXO045 or pCX048.

The present invention is directed to a construct comprising
a gene selected from the group consisting of kfoA, kfoB,
kfoC, kfoF, kfoG, and a combination thereof, wherein the
construct does not contain a functional gene of one or more of
kpsM, kpsT, kpsE, kpsD, kpsC, or kpsS, and wherein the
construct is suitable for producing a chondroitin or increasing
the amount of a chondroitin in a non-pathogenic bacterial
host cell. In some embodiments, the chondroitin is not
secreted from the host cell. In some embodiments, the con-
struct also does not contain a functional gene of one or more
ofkfoD, orf3, kfoE, or orfl. In some embodiments, the chon-
droitin is non-fructosylated. In some embodiments, the con-
struct comprises kfoA, kfoB, kfoC, kfoF, and kfoG. In some
embodiments, the construct comprises pCX075, pCXO081,
pCX082, pCX092, pCX101, pBR1102, pBR1100 or
pBR1101. In some embodiments, the construct comprises
pCXO045 or pCX048.

In some embodiments, one or more genes in any of the
constructs of the invention are modified for optimal codon
usage in the bacterial host cell.

In some embodiments, any of the constructs of the inven-
tion further comprise a promoter. In some embodiments, the
promoter is selected from the group consisting of Pm, Plac,
Ptrp, Ptac, ApL, PT7, PphoA, ParaC, PxapA, Pcad, and
PrecA. In some embodiments, the promoter is Pm.

In some embodiments, any of the constructs of the inven-
tion further comprise a second promoter. In some embodi-
ments, the second promoter is selected from the group con-
sisting of Pm, Plac, Ptrp, Ptac, ApL, PT7, PphoA, ParaC,
PxapA, Pcad, and PrecA. In some embodiments, the second
promoter is Pm. In some embodiments, the second promoter
is operably linked to one or more genes in the construct. In
some embodiments, the second promoter is operably linked
to kpsFEDUCS.

In some embodiments, the construct further comprises a
xylS regulatory gene.

In some embodiments, any of the constructs of the inven-
tion further comprise an antibiotic resistance gene. In some
embodiments, the antibiotic resistance gene is selected from
the group consisting of chloramphenicol (CamR ), kanamycin
(KanR), ampicillin (AmpR), tetracycline (TetR), bleomycin
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(BleR), spectinomycin (SpcR), sulfonamide (SuR), strepto-
mycin (StrR), carbenicillin (CbR), and erythromycin (EryR).

In some embodiments, any of the constructs of the inven-
tion comprise a K4 gene cluster.

In some embodiments, any of the constructs of the inven-
tion are suitable for producing a chondroitin in a non-patho-
genic bacterial host cell, wherein the bacterial host cell is or is
derived from a non-pathogenic organism selected from the
group consisting of Escherichia, Pseudomonas, Xanthomo-
nas, Methylomonas, Acinetobacter, and Sphingomonas.

The present invention is directed to a non-pathogenic bac-
terial host cell comprising any of the constructs of the inven-
tion. In some embodiments, the bacterial host cell is or is
derived from a non-pathogenic organism selected from the
group consisting of Escherichia, Pseudomonas, Xanthomo-
nas, Methylomonas, Acinetobacter, and Sphingomonas. In
some embodiments, the bacterial host cell is a bacterial strain
selected from the group consisting of MSC279, MSC280,
MSC315,MSC316, MSC317, MSC319, MSC322, MSC323,
MSC324, MSC325, MSC326, MSC328, MSC346, MSC347,
MSC348, MSC350, MSC356, MSC359, MSC392, MSC402,
MSC403, MSC404, MSC405, MSC410, MSC411, MSC436,
MSC437, MSC438, MSC439, MSC458, MSC459, MSC460.
MSC461, MSC466, MSC467. MSC469, MSC480, MSC494,
MSC498, MSC499, MSC500, MSC510, MSC511, MSC522,
MSC526, MSC537, MSC551, MSC561, MSC562, MSC563,
MSC564, MSC566, MSC567, MSC619, MSC625, MSC627,
MSC640, MSC641, MSC643, MSC646, MSC650, MSC656,
MSC657, MSC658, MSC659, MSC660, MSC669, MSC670,
MSC671, MSC672, MSC673, MSC674, MSC675, MSC676,
MSC677, MSC678, MSC679, MSC680, MSC681, MSC682,
MSC683, MSC684, MSC687, MSC688, MSC689, MSC690,
MSC691, MSC692, MSC693, MSC694, MSC700, MSC701,
MSC702, MSC722, MSC723 and MSC724.

The present invention is directed to a method for producing
a chondroitin, comprising transferring any of the constructs
of the invention to a non-pathogenic bacterial host cell, and
culturing the bacterial host cell under fermentation conditions
wherein the chondroitin is produced by the bacterial host cell.

The present invention is directed to a method for producing
a chondroitin, comprising culturing a non-pathogenic bacte-
rial host cell comprising any of the constructs of the invention
under fermentation conditions sufficient for production of the
chondroitin.

The present invention is directed to a method for producing
a non-pathogenic bacterial host cell comprising transferring
any of the constructs of the invention to a non-pathogenic
bacterial host cell.

In some embodiments, a gene cluster or gene of any of the
constructs of the invention is integrated into a chromosome of
the bacterial host cell in any of the methods of the invention.

In some embodiments, two or more copies of a gene cluster
or gene of any of the constructs of the invention are integrated
into a chromosome of the bacterial host cell in any of the
methods of the invention. In some embodiments, the two or
more copies of the gene cluster or gene include two or more
copies of the same gene or gene cluster.

In some embodiments, the chondroitin produced by any of
the methods of the invention is non-fructosylated.

In some embodiments, the methods of the present inven-
tion further comprise sulfating the chondroitin.

The present invention is directed to a method for producing
a chondroitin sulfate, comprising producing a chondroitin by
any of the methods of the invention; and sulfating the chon-
droitin.

In some embodiments, the process of sulfating the chon-
droitin in any of the methods of the invention comprises
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mixing sulfurtrioxide-triethylamine complex or chlorosul-
fonic acid with the chondroitin in formamide.

In some embodiments, the bacterial host cell in any of the
methods of the invention is or is derived from a non-patho-
genic organism selected from the group consisting of
Escherichia, Pseudomonas, Xanthomonas, Methylomonas,
Acinetobacter, and Sphingomonas.

In some embodiments, the bacterial host cell in any of the
methods of the invention is or is derived from a gram-negative
organism.

In some embodiments, the bacterial host cell in any of the
methods of the invention is a Xanthomonas campestris. In
some embodiments, the X. campestris is a bacterial strain
selected from the group consisting of MSC255, MSC256,
MSC257, MSC225, and MSC226.

In some embodiments, the bacterial host cell in any of the
methods of the invention is a non-pathogenic E. cofi. In some
embodiments, the non-pathogenic . coli is selected from the
group consisting of E. coli K-12 and E. coli B. In some
embodiments, the E. coli K-12 is a bacterial strain selected
from the group consisting of MSC188 and MSC175. In some
embodiments, the E. coli B is bacterial strain MSC364.

In some embodiments, an endogenous gene ofthe bacterial
host cell in any of the methods of the invention is deleted or
inactivated by homologous recombination.

In some embodiments, the bacterial host cell in any of the
methods of the invention does not express extracellular
polysaccharides endogenous to the host cell.

In some embodiments, the bacterial host cell in any of the
methods of the invention is suitable for conjugal transfer from
a laboratory cloning strain.

In some embodiments, the methods of the invention further
comprise recovering the chondroitin from the bacterial host
cell.

In some embodiments, the methods of the invention further
comprise recovering the chondroitin from extracellular cul-
ture medium.

In some embodiments, 1 g/I. to 50 g/L. of the chondroitin is
secreted from the bacterial host cell in any of the methods of
the invention in 24 to 72 hours. In some embodiments, 5 g/I,
to 50 g/ of the chondroitin is secreted from the bacterial host
cellin 24 to 72 hours. In some embodiments, 15 g/I. to 50 g/L.
of the chondroitin is secreted from the bacterial host cell in 24
to 72 hours.

In some embodiments, any of the methods of the invention
further comprise purifying the chondroitin.

In some embodiments, the bacterial host cell in any of the
methods of the invention is cultured at 25° C. to 37° C.

In some embodiments, the bacterial host cell in any of the
methods of the invention is cultured in a medium comprising
glycerine.

The present invention is directed to the chondroitin pro-
duced by any of the methods of the invention.

The present invention is directed to a composition com-
prising the chondroitin produced by any of the methods of the
invention.

The present invention is directed to an antibody or antibody
fragment that binds to an amino acid sequence selected from
the group of: SEQ ID NO:92 of KpsF, SEQ ID NO:93 of
KpsE, SEQ ID NO:94 of KpsD, SEQ ID NO:95 of KpsU,
SEQ ID NO:96 of KpsC, SEQ ID NO:97 of KpsS, SEQ 1D
NO:91 of KpsT, SEQ ID NO:83 of Kfo A, SEQ ID NO:84 of
KfoB, SEQ ID NO:85 of KfoC, SEQ ID NO:86 of Kfol
(Orf3), SEQ ID NO:87 of KfoE, SEQ ID NO:88 of KfoH
(Orfl), SEQ ID NO:89 of KfoF, and SEQ ID NO:90 of KfoG.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows the structure of chondroitin and chondroitin
sulfate. FIG. 1B shows the linkage between chondroitin sul-
fate and core protein of proteoglycans.

FIG. 2 shows the organization of the gene cluster involved
in the synthesis of the E. coli K4 capsule, as proposed prior to
this invention. The organization of region 2 shown in this
figure is as described in Ninomiya et al. (J. Biol. Chem. 2002;
277:21567-21575). Regions 1 and 3 of the E. coli K4 capsule
gene cluster were not sequenced prior to this invention and
therefore, their structure was not known prior to this inven-
tion.

FIG. 3 shows the analysis by the present inventors of the £.
coli K4 capsule region 2 sequence (AB079602) as described
in Ninomiya et al. (/. Biol. Chem. 2002; 277:21567-21575).
FIG. 3A shows the presence of additional putative coding
sequences orfl, orf2 and orf3, and further shows that based on
sequence alignment of region 2 from E. coli K4 with P.
multocida serotypes B and E; genes (alignment data shown in
FIG. 3B), kfoD, orf3, kfoE, orfl, from E. coli K4 have
homologs among the P. multocida M1404 serotype B genes
bebDEFG and the P multocida P1234 serotype E genes ecb-
DEFG. Homologs are connected by two-headed arrows.

FIG. 4 relates to the sequences of the region 2 genes of £.
coli K4 strain ATCC 23502 as determined by the present
inventors. FIG. 4A lists differences between the sequences
determined by the present inventors as compared to the
sequences previously reported by Ninomiya et al. FIG. 4B
shows a comparison of the predicted amino acid sequences
encoded by the sequences of the region 2 genes, as deter-
mined by the present inventors (shown in FIG. 4B as SEQ ID
NO:30; SEQ ID NO:32; SEQ ID NO:26; SEQ ID NO:24; and
SEQ ID NO:20) with those encoded by the sequences
reported by Ninomiya et al. (shown in FIG. 4B as K4 Kfo
putORF2 and K4 KfoG_BAC00518; K4 Kfo putORF__1; K4
KfoE_BAC00520; K4 KfoD_BAC00521; K4
KfoB_BAC00524).

FIG. 5 shows the organization of the K4 capsule gene
cluster from the E. coli K4 strain Ul-41. The gene cluster
contains 17 open reading frames (exclusive of 1S2) that are
predicted to encode proteins.

FIG. 6 diagrammatically represents the structure of syn-
thetic genes constructed as three segments, kpsFEDUCS (the
“FS segment”), kpsM TkfoABCFG (the “MG segment™) and
kfoDIEH (the “DH segment”). As depicted, restriction sites
were incorporated at strategic locations to allow assembly of
the synthetic fragments into one or more operons and to
facilitate manipulation of individual genes.

FIG. 7A shows the pop in, pop-out strategy for construct-
ing derivative bacterial strains by deletion of a particular gene
or gene cluster. FIG. 7B shows the map of the suicide vector
pCX027 (SEQ ID NO:141) used to employ this strategy in
Xanthomonas campestris in this strategy.

FIGS. 8A-8U represent the DNA maps for plasmids and
DNA fragments pBHR1, pDD39, pDD42, pDD47, pREZ6,
pDD49, pJ201:11352, pDD50, pDD54, pJ241:10662, pJ241:
10664, pl241:10663, pDD37, pDD38, pDDS51, pDDS52,
pDD57, pDDSS, pDD61, pDD62, pDD63, pDDS59, pDD67,
pDD60, pDD66, pBR1052, pMAK-CL, pDD74, pDD76,
pDD73, pDD77, pDD79, pDD80, pCX045, pCS048,
pCXO039, pCX044, pCX040, pCX042, pCX041, pCX043,
MSC467, MSC561, and pBR1087 of the present invention.

FIG. 9 shows examples of results from western blots per-
formed using antisera directed against proteins encoded by
the E. coli K4 group 2 capsule gene cluster.
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FIGS.10A-10D show the DNA maps of plasmid constructs
used to introduce cloned E. col/i K4 chondroitin biosynthesis
genes into Xanthomonas campestris.

FIG. 11A shows a typical calibration curve for the K4
fructosylated chondroitin capsular polysaccharide (“K4P”)
measured in inhibitory ELISA. FIG. 11B shows a typical
standard curve of the disaccharide, 2-acetamido-2-deoxy-3-
O-(B-D-gluco-4-enepyranosyluronic acid)-D-galactose
(“Adi-0S”), measured in the chondroitinase/HPLC assay for
chondroitin.

FIG. 12 shows chondroitinase digestibility of recombinant
chondroitin.

FIG. 13 shows chondroitinase digestibility of both K4 fruc-
tosylated chondroitin capsular polysaccharide (K4P) and
defructosylated K4P (DFK4P).

FIGS. 14A-14X show the DNA maps for plasmid con-
structs pCX096, pCX097, pCX100, pCX101, pCS102,
pCX075, pCX082, pCX081, pCX092, pBR1077, pBR1082,
pCX050, pCX070, pCX093, pCX094, pCX093,
pMAK705pl, pBR1103, pBRO193lacZ, pBRI100-lac,
pBR1094mt1, pBR1101-mtl, pBR1095fru, and pBR1102-
fru of the present invention.

FIG. 15 shows a family tree of chondroitin-producing .
coli strains and the steps used for strain derivation.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to constructs and recom-
binant cells for the production of chondroitin, methods of
producing chondroitin, chondroitin produced from the meth-
ods, and uses of the chondroitin. As described herein, the
present invention is based on a novel technology that allows
production of chondroitin and chondroitin sulfate. The
present invention meets an important need in the art by pro-
viding a safe, consistent, and reliable supply of chondroitin
and chondroitin sulfate at lower cost, while providing supe-
rior product quality. This process can also provide a vegetar-
ian and kosher product. The recombinantly produced chon-
droitin can be sulfated using known methods to form
chondroitin sulfate. Accordingly, the present invention
includes methods of sulfation of the recombinantly produced
chondroitin, the recombinantly produced chondroitin sulfate
product, as well as uses of the recombinantly produced chon-
droitin sulfate product.

As described in detail below, the present inventors
sequenced the E. coli K4 gene cluster encoding proteins
involved in biosynthesis of the . coli K4 fructosylated chon-
droitin capsular polysaccharide (K4P), synthesized and
assembled DNA segments based on the native sequence,
transferred these genes into alternative host cells that are
suitable for large scale fermentation, and demonstrated pro-
duction of recombinant fructosylated chondroitin capsular
polysaccharide in these host cells. Since it is preferable that
the alternative host cells should produce non-fructosylated
chondroitin, genes responsible for fructosylation of chon-
droitin by E. coli K4 were identified and deleted from the E.
coli K4 chondroitin biosynthesis gene set transferred to the
alternative hosts. As a result, the alternative hosts containing
this gene set produced non-fructosylated chondroitin. This
recombinant chondroitin (rCH) produced by the alternative
host can be sulfated to produce a chondroitin sulfate product.

As used herein, the term “K4P” refers to the native or
naturally occurring fructosylated chondroitin capsular
polysaccharide as synthesized by the wild type E. coli K4
strain. The term “chondroitin” refers to the chondroitin back-
bone. Chondroitin can be fructosylated or unfructosylated (or
non-fructosylated). The term “chondroitin,” as used herein,
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includes both fructosylated and unfructosylated forms, unless
specifically noted. Furthermore, as used herein, the term
chondroitin refers to unsulfated chondroitin. The chondroitin
produced by the methods of present invention can be sulfated
by enzymatic or chemical means, as explained in detail
below, in which case it is referred to as chondroitin sulfate.

In one aspect, the present invention comprises DNA con-
structs comprising the . coli K4 gene sets or gene clusters.
The term “K4 gene cluster” as used herein refers to the set of
genes from E. coli K4 that are involved in the biosynthesis of
the chondroitin-like capsular polysaccharide (K4P). The term
“K4 gene cluster” can refer to all the genes from E. coli K4
that are involved in the biosynthesis of the chondroitin-like
capsular polysaccharide or to a subset of these genes.

As described in detail in Example 1, . coli K4 contains a
set of multiple genes that are involved in the synthesis of a
chondroitin-like capsular polysaccharide referred to as K4P.
As noted above, this polysaccharide consists of a chondroitin
backbone that is modified by the addition of a fructose resi-
due. As shown in FIG. 2, these genes are organized in three
main regions (Region 1 (“R1”’), Region 2 (“R2”), and Region
3 (“R3”)). Based on the sequence of region 2 described by
Ninomiya et al. (2002) (GenBank accession no. AB079602),
region 2 was predicted to comprise seven genes relating to
capsule biosynthesis, kfoA, kfoB, kfoC, kfoD, kfoE, kfoF
and kfoG. Ninomiya et al. did not disclose the sequences of
the expected region 1 and region 3 portions of the £. coli K4
capsule gene cluster. However, based on the known organi-
zation of other E. coli capsule gene clusters, region 1 would
be predicted to comprise six genes, kpsF, kpsE, kpsD, kpsU,
kpsC, kpsS and region 3 would be predicted to comprise two
genes, kpsM and kpsT. The kpsM, kpsT, kpsD, kpsE, kpsC
and kpsS genes encode proteins required for translocation of
the capsular polysaccharide from the cell cytoplasm to the
cell surface where the mature capsular polysaccharide is
believed to be anchored to the outer cell membrane through a
covalent linkage to a lipid component of that membrane
(Whitfield, 2006). The kpsF and kpsU genes encode proteins
that are predicted to catalyze steps in the biosynthesis of
CMP-Kdo. A role of CMP-Kdo in the biosynthesis of chon-
droitin capsules in E. coli has been proposed (Roberts, Annu.
Rev. Microbiol. 1996; 50:285-315) but has not been demon-
strated experimentally (Whitfield, 2006) Thus, prior to the
disclosure of the present invention the entire K4 gene cluster
was thought to comprise 15 genes.

In order to confirm the sequence reported by Ninomiya et
al. (GenBank accession no. AB079602), the present inventors
sequenced region 2 of the K4 capsule gene cluster from the £.
coli K4 strain ATCC 23502. When the sequence determined
by the present inventors and the AB079602 sequence were
compared, single base pair differences were discovered,
including substitutions, deletions and insertions at 26 posi-
tions. As explained in detail in Example 1, some of these
differences result in substantial differences in the predicted
amino acid sequences of the region 2 proteins encoded by the
gene cluster. Furthermore, the present inventors examined the
regions identified by Ninomiya et al. as intergenic sequences
separating the genes and identified three additional open
reading frames orfl (also referred to herein as kfoH), orf2 and
orf3 (also referred to herein as kfol) in region 2 that were
previously unidentified.

In order to determine the correct sequence of the entire K4
gene cluster comprising genes from all three regions, E. coli
serotype K4 strain Ul-41 was obtained from the Statens
Serum Institut (Copenhagen, Denmark). U1-41 is the pro-
genitor of the ATCC 23502 strain and has been reported to
produce K4 capsular polysaccharide in culture. It is also the
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K4 reference strain for E. coli serotyping and was used to
produce the polysaccharide preparation used for K4P struc-
tural determination by Rodriguez et al. (1988). A total of
approximately 23 kb of DNA spanning the K4 capsule gene
cluster in £. coli U1-41 was sequenced. This sequence (SEQ
ID NO:117) confirmed the presence of kpsF, kpsE, kpsD,
kpsU, kpsC and kpsS genes in region 1 and the presence of
kpsM and kpsT genes in region 3. The region 2 sequence of
U1-41 and the sequence determined by the present inventors
for region 2 of ATCC 23502 were found to be identical.

As described in detail in Example 1, the gene cluster from
U1-41 was found to contain (exclusive of IS2 sequences) 17
open reading frames, (instead of 15 as previously described
by Ninomiya et al.) that are predicted to encode proteins
related to biosynthesis of chondroitin. The arrangement of
these genes is typical for an E. coli group 2 capsule gene
cluster. Region 1, comprising conserved genes kpsF, kpsE,
kpsD, kpsU, kpsC and kpsS, and region 3, comprising con-
served genes kpsM and kpsT, flank the 9 open reading frames
of'region 2. Region 1 and region 3 genes include proteins that
are required for synthesis and translocation of all group 2
capsules in E. coli. Region 1 also includes two genes (kpsF
and kpsU) that encode enzymes that are, as noted above,
predicted to catalyze steps in the biosynthesis of CMP-Kdo.
Of'the nine genes identified in region 2, three encode proteins
with clearly defined activities relating to capsule biosynthe-
sis: kfoA (UDP-GIcNAc epimerase, which converts UDP-
GleNAc to the UDP-GalNAc precursor), kfoF (UDP-Gle
dehydrogenase, which converts UDP-Glc to the UDP-GIcUA
precursor) and kfoC (chondroitin synthase, i.e. the poly-
merase, which can add either one of the precursors, UDP-
GalNAc or UDP-GIcUA, to an acceptor chondroitin mol-
ecule).

Functions of proteins encoded by other genes present in
region 2 of the K4 capsule gene cluster, kfoB, kfoG, kfoD,
kfoE, kfoH (orfl) and kfol (orf3), were not known. The kfoB
and kfoG genes encode proteins that are homologous to those
encoded by genes present in capsule clusters of bacteria
known to produce other glycosaminoglycan (GAG) capsules
such as P. multocida serotypes A, F and D (Townsend et al., J.
Clin. Microbiol. 2001; 39:924-929) and F. coli serotype K5
(Petit et al., Mol. Microbiol. 1995; 4:611-620). This circum-
stantial evidence suggested that kfoB and kfoG can play arole
in biosynthesis of the GAG-containing K4 capsule. As
explained in detail in Example 7, the present inventors have
found that kfoB and kfoG genes are not essential for the
production of chondroitin in . coli, but that kfoG gene is
required for the optimal production of chondroitin.

Prior to the present invention, no evidence implicated
kfoD, kfoE, kfoH (or orfl) and kfol (or orf3) as being
involved in the biosynthesis of the K4 capsule. Interestingly,
the four contiguous K4 genes, kfoD, kfol (or orf3), kfoE, and
kfoH (or orfl), were found to have homologs among the
contiguous P. multocida serotype B genes bcbDEFG and the
P multocida serotype E genes ecbDEFG. However, these two
Pasteurella strains are not known to be chondroitin producers
and the role of these genes in E. coli K4 was not known prior
to the present invention. Therefore, it appeared that kfoD,
kfol (orf3), kfoE and kfoH (orfl) might not be involved in the
synthesis of chondroitin. As shown in Examples 6 and 7, none
of these genes are required for biosynthesis of chondroitin,
but one or more of these genes are essential for fructosylation
of the chondroitin produced by the K4 gene set.

Usingthe sequence of the U1-41 K4 capsule gene cluster as
the basis, the present inventors further designed synthetic
genes that are codon-optimized for expression in hosts such
as E. coli, Xanthomonas campestris, Sphingomonas elodea
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and Bacillus subtilis. The design and synthesis of these
codon-optimized genes is explained in detail in Example 2.
Example 4 describes the construction of plasmid vectors for
the expression of these genes in heterologous bacteria.

The complete nucleotide sequences of the codon-opti-
mized genes of the present invention, and the amino acid
sequences encoded by them, are as follows. The complete
nucleotide sequence for kpsF used in the present invention is
represented herein as SEQ ID NO: 1. kpsF is a 981 nucleotide
sequence (not including the stop codon) which encodes a 327
amino acid sequence, represented herein as SEQ ID NO:2.
The complete nucleotide sequence for kpsE is represented
herein as SEQ ID NO:3. kpsE is a 1146 nucleotide sequence
(not including the stop codon) which encodes a 382 amino
acid sequence, represented herein as SEQ ID NO:4. The
complete nucleotide sequence for kpsD is represented herein
as SEQ ID NO:5. kpsD is a 1674 nucleotide sequence (not
including the stop codon) which encodes a 558 amino acid
sequence, represented herein as SEQ ID NO: 6. The complete
nucleotide sequence for kpsU is represented herein as SEQ
ID NO:7. kpsU is a 738 nucleotide sequence (not including
the stop codon) which encodes a 246 amino acid sequence,
represented herein as SEQ ID NO:8. The complete nucleotide
sequence for kpsC is represented herein as SEQ ID NO:9.
kpsC is a 2025 nucleotide sequence (not including the stop
codon) which encodes a 675 amino acid sequence, repre-
sented herein as SEQ ID NO:10. The complete nucleotide
sequence for kpsS is represented herein as SEQ ID NO: 11.
kpsS is a 1209 nucleotide sequence (not including the stop
codon) which encodes a 403 amino acid sequence, repre-
sented herein as SEQ ID NO:12. The complete nucleotide
sequence for kpsM is represented herein as SEQ ID NO:13.
kpsM is a 774 nucleotide sequence (not including the stop
codon) which encodes a 258 amino acid sequence, repre-
sented herein as SEQ ID NO:14. The complete nucleotide
sequence for kpsT is represented herein as SEQ ID NO:15.
kpsT is a 666 nucleotide sequence (not including the stop
codon) which encodes a 222 amino acid sequence, repre-
sented herein as SEQ ID NO:16. The complete nucleotide
sequence for kfoA is represented herein as SEQ ID NO:17.
kfoA is a 1017 nucleotide sequence (not including the stop
codon) which encodes a 339 amino acid sequence, repre-
sented herein as SEQ ID NO:18. The complete nucleotide
sequence for kfoB is represented herein as SEQ ID NO:19.
kfoB is a 1638 nucleotide sequence (not including the stop
codon) which encodes a 546 amino acid sequence, repre-
sented herein as SEQ ID NO:20. The complete nucleotide
sequence for kfoC is represented herein as SEQ ID NO:21.
kfoC is a 2058 nucleotide sequence (not including the stop
codon) which encodes a 686 amino acid sequence, repre-
sented herein as SEQ ID NO:22. The complete nucleotide
sequence for kfoD is represented herein as SEQ ID NO:23.
kfoD is a 1431 nucleotide sequence (not including the stop
codon) which encodes a 477 amino acid sequence, repre-
sented herein as SEQ ID NO:24. The complete nucleotide
sequence for kfoE is represented herein as SEQ 1D NO:25.
kfoE is a 1566 nucleotide sequence (not including the stop
codon) which encodes a 522 amino acid sequence, repre-
sented herein as SEQ ID NO:26. The complete nucleotide
sequence for kfoF is represented herein as SEQ 1D NO:27.
kfoF is a 1167 nucleotide sequence (not including the stop
codon) which encodes a 389 amino acid sequence, repre-
sented herein as SEQ ID NO:28. The complete nucleotide
sequence for kfoG is represented herein as SEQ ID NO:29.
kfoG is a 1464 nucleotide sequence (not including the stop
codon) which encodes a 488 amino acid sequence, repre-
sented herein as SEQ ID NO:30.
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The complete nucleotide sequence for orf1 (also referred to
herein as kfoH) is represented herein as SEQ ID NO:31. orfl
is a 723 nucleotide sequence (not including the stop codon)
which encodes a 241 amino acid sequence, represented herein
as SEQID NO:32. The complete nucleotide sequence for orf3
(also referred to herein as kfol) is represented herein as SEQ
ID NO:33. orf3 is a 378 nucleotide sequence (not including
the stop codon) which encodes a 126 amino acid sequence,
represented herein as SEQ 1D NO:34.

In various embodiments, the present invention comprises
DNA constructs comprising the E. coli K4 gene cluster, one
or more regions of the £. coli K4 gene cluster, one or more
subsets of genes from the . coli K4 gene cluster, one or more
individual genes from the F. coli K4 gene cluster, or combi-
nations thereof, wherein the constructs are useful for the
purpose of producing chondroitin or increasing the amount of
chondroitin in a bacterial host cell. In various embodiments,
the constructs can include the entire 17 gene cluster described
above or one or more genes of the 17 gene cluster described
above, i.e. kpsF, kpsE, kpsD, kpsU, kpsC, kpsS, kpsM, kpsT,
kfoA, kfoB, kfoC, kfoD, kfoE, kfoF, kfoG, kfoH and kfol. In
some embodiments, the construct comprises one or more
regions of the K4 cluster (i.e., regions 1, 2, and/or 3 as
described herein). In some embodiments, the construct com-
prises one or more subsets of genes from the K4 cluster
(including subsets of genes from regions 1, 2, and/or 3 as
described herein). The construct can comprise a gene cluster
in which a gene in the cluster is present in any order relative
to any other gene in the cluster. As such, the ordering of genes
in a gene cluster within the construct can be different from the
naturally occurring order of genes within the K4 cluster.
Similarly, the construct can comprise a region, a subset of
genes, or a gene from the K4 cluster that can be in any order
within the construct relative to any other region, subset of
genes, or individual genes from the K4 cluster. In some
embodiments, the genes are present in a specified order in the
construct. The constructs can include one or more native
genes (i.e., the genes having the sequence present in E. coli
K4 U1-41 or other serotype K4 strains) that were isolated
from the E. coli serotype K4 strain U1-41 mentioned above
and/or one or more synthetic genes, i.e., the genes based on
the native genes isolated from U1-41 but in which the DNA
sequences have been modified for optimal codon usage in the
bacterial host cell, without altering the amino acid sequences
encoded by those genes. The design and preparation of such
synthetic genes is explained in Example 2.

As noted above and further explained in detail in Examples
6 and 7, one or more of the kfoD, kfol, kfoE and kfoH genes
are essential for fructosylation of chondroitin in E. coli, but
none of these genes is required for synthesis of chondroitin.
Simultaneous omission or inactivation of all four of these
genes results in the production of unfructosylated chon-
droitin. In some embodiments, a construct of the invention
does not contain a functional gene of one or more of kfoD,
kfol, kfoE and kfoH. In other words, a functional gene of one
or more of kfoD, kfol, kfoE and kfoH is absent from the
construct in these embodiments. A construct that does not
contain a functional gene (i.e., a construct in which a func-
tional gene is absent) includes constructs in which the entire
gene is absent as well as constructs in which the gene or
portion thereofis present but is non-functional (i.e., inactive).
In some embodiments, a construct of the invention comprises
a gene cluster that has been modified to inactivate one or more
of kfoD, kfol, kfoE and kfoH.

In some embodiments, the present invention includes a
construct that comprises a gene cluster comprising kpsF,
kpsE, kpsD, kpsU, kpsC, kpsS, kfoA, kfoC, and kfoF,
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wherein the construct does not contain a functional gene of
one or more of kfoD, kfol, kfoE and kfoH. In some embodi-
ments, the construct is suitable for producing a chondroitin in
a non-pathogenic bacterial host cell as described herein. In
some embodiments, the chondroitin is non-fructosylated. In
some embodiments, the construct can further comprise kfoG
and/or kfoB. As noted above, kfoB and kfoG genes were not
found to be essential for the production of chondroitin, but the
kfoG gene was found to be required for the optimal produc-
tion of chondroitin (See example 7). In some embodiments,
the construct of the present invention can further comprise
kpsM and/or kpsT.

In some embodiments, the constructs are useful for the
production of recombinant chondroitin that is secreted from
the cell.

In some embodiments, these constructs include the expres-
sion vectors pDD66 (expression vector containing kpsMT-
kfo ABCFG-kpsFEDUCS), pDD67 (expression vector con-
taining kpsFEDUCS-kpsMT-kfo ABCFG), pCX040
(expression vector containing kpsMT-kfoACFG-kpsFE-
DUCS), pCX041 (expression vector containing kpsMT-kfo-
ABCF-kpsFEDUCS), pCX042 (expression vector contain-
ing kpsFEDUCS-kpsMT-kfoACFG), pCX043 (expression
vector containing kpsFEDUCS-kpsMT-kfoABCF), and
pCX096 (expression vector containing kpsFEDUCS-kfo AB-
CFQG). Another embodiment is expression plasmid pBR1052.
As described in Example 4, pBR1052 contains the same K4
gene set as pDD66 (kpsMT-kfo ABCFG-kpsFEDUCS) and
additionally has a second copy of the Pm promoter sequence
inserted immediately upstream of the kpsF gene. The nucle-
otide sequence of pDD66 is denoted by SEQ 1D NO:35; the
nucleotide sequence of pDD67 is denoted by SEQ ID NO:36;
the nucleotide sequence of pCX040 is denoted by SEQ ID
NO:37; the nucleotide sequence of pCX041 is denoted by
SEQ ID NO:38; the nucleotide sequence of pCX042 is
denoted by SEQ ID NO:39; the nucleotide sequence of
pCX043 is denoted by SEQ ID NO:40; the nucleotide
sequence of pCX096 is denoted by SEQ ID NO:149; and the
nucleotide sequence of pBR1052 is denoted by SEQ ID
NO:41. The design and construction of these DNA constructs
is explained in detail in Example 4.

In some embodiments, the present invention includes con-
structs that are useful for the purpose of producing intracel-
lular chondroitin, i.e., chondroitin that is not secreted from
the host cell. Intracellular production of chondroitin can be
desirable in order to eliminate viscosity of the fermentation
resulting from high levels of polysaccharide in the culture
medium. In addition, it is possible that intracellular produc-
tion could achieve higher levels of chondroitin than secretion.
In some embodiments, the construct does not contain a func-
tional gene of at least one of kpsM and kpsT of region 3. In
some embodiments, the construct comprises a gene cluster
that does not contain or has been modified to inactivate at least
one ofkpsM and kpsT of region 3. In some embodiments, the
construct does not contain a functional gene of at least one of
kpsE, kpsD, kpsC and kpsS of region 1. In some embodi-
ments, the construct comprises a gene cluster that does not
contain or has been modified to inactivate at least one ot kpsE,
kpsD, kpsC and kpsS of region 1. In some embodiments, the
construct does not contain a functional gene of at least one of
kpsM and kpsT of region 3 and at least one of kpsE, kpsD,
kpsC and kpsS of region 1. In some embodiments, the con-
struct comprises a gene cluster that does not contain or has
been modified to inactivate at least one of kpsM and kpsT of
region 3 and at least one of kpsE, kpsD, kpsC and kpsS of
region 1. These constructs are described in Examples 4 and 9.
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In some embodiments, the present invention includes a
construct comprising a gene cluster comprising kfoA, kfoC,
and kfoF, wherein the gene cluster does not contain a func-
tional gene of one or more of kpsM, kpsT, kpsE, kpsD, kpsC
and kpsS. In some embodiments, the construct is suitable for
producing a chondroitin in a non-pathogenic bacterial host
cell as described herein. In some embodiments, the chon-
droitin is not secreted from the host cell. In some embodi-
ments, the chondroitin is non-fructosylated. In some embodi-
ments, the construct also does not contain a functional gene of
one or more of kfoD, orf3, kfoE, and orfl. In some embodi-
ments, the construct can further comprise kfoG and/or kfoB.
In some embodiments, the construct comprises kfoA, kfoB,
kfoC, kfoF and kfoG.

In some embodiments, a construct of the present invention
includes a gene selected from the group consisting of kfoA,
kfoB, kfoC, kfoF, kfoG, and a combination thereof, wherein
the construct does not contain a functional gene of one or
more of kpsM, kpsT, kpsE, kpsD, kpsC and kpsS. In some
embodiments, the construct is suitable for producing a chon-
droitin in a non-pathogenic bacterial host cell as described
herein. In some embodiments, the construct is suitable for
increasing the amount of a chondroitin in a non-pathogenic
bacterial host cell as described herein. In some embodiments,
the construct is transferred to a bacterial host cell comprising
one or more existing copies of the E. coli K4 gene cluster,
regions of the cluster, subsets of genes of the cluster, or genes
of' the cluster that have been integrated into the host chromo-
some. In some embodiments, the chondroitin is non-fructo-
sylated. In some embodiments, the construct also does not
contain a functional gene of one or more of kfoD, orf3, kfoE,
and orfl. In some embodiments, the construct comprises
kfoA, kfoB, kfoC, kfoF and kfoG.

In some embodiments, a construct of the present invention
comprises the expression vectors pCX039 (expression vector
containing kfo ABCFG), pCX044 (expression vector contain-
ing kfoACFG), pCX092 (expression vector containing kfo-
ABCF), pCXO045 (expression vector containing kpsMT-kfo-
ABCFG-kpsFEDUS), and pCX048 (expression vector
containing kpsM-kfo ABCFG-kpsFEDUCS). The nucleotide
sequence of pCX039 is denoted by SEQ ID NO:42; the nucle-
otide sequence of pCX044 is denoted by SEQ ID NO:43; the
nucleotide sequence of pCX092 is denoted by SEQ ID
NO:154; the nucleotide sequence of pCX045 is denoted by
SEQ ID NO:44; and the nucleotide sequence of pCX048 is
denoted by SEQ ID NO:45. The design and construction of
these DNA constructs is explained in detail in Example 4.

In some embodiments, a construct of the present invention
comprises the expression vectors pCX075 (expression vector
containing kfoABFG), pCX081 (expression vector contain-
ing kfoABCG), pCX082 (expression vector containing kfoB-
CFQG), pCX101 (expression vector containing kfo ABCFG-
kpsMT), pBR1102 (expression vector containing
kfo ABCFG), pBR1100 (expression vector containing kfo-
ABCFG), and pBR1101 (expression vector containing kfo-
ABCFG). The nucleotide sequence of pCX075 is denoted by
SEQ ID NO:153; the nucleotide sequence of pCXO081 is
denoted by SEQ ID NO:151; the nucleotide sequence of
pCXO082 is denoted by SEQ ID NO:152; the nucleotide
sequence of pCX101 is denoted by SEQ ID NO:150; the
nucleotide sequence of pBR1102 is denoted by SEQ ID
NO:170; the nucleotide sequence of pBR1100 is denoted by
SEQ ID NO:171; and the nucleotide sequence of pBR1101 is
denoted by SEQ ID NO: 172. The design and construction of
these DNA constructs is explained in detail in Examples 18
and 20.
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The constructs of the present invention can comprise one or
more genes that are modified for optimal codon usage in a
bacterial host cell as described herein.

The constructs of the present invention can further com-
prise a promoter. The promoter should be capable of driving
expression of the gene cluster in a bacterial host cell as
described herein. Numerous such promoters, which are use-
ful to drive expression in the desired bacterial host cell are
familiar to those skilled in the art and can be used in the
present invention. Examples of promoters that have been
commonly used to express heterologous proteins include,
without limitation, Pm, lac, trp, tac, ApL, T7, phoA, araC,
xapA, cad and recA (See, e.g., Weikert et al., Curr. Opin.
Biotechnol. 1996; 7:494-499). Such promoters can be consti-
tutive or inducible. Termination control regions can also be
derived from various genes native to the preferred hosts.
Optionally, a termination site may be unnecessary.

In some embodiments, the constructs of the present inven-
tion comprise the Pm promoter along with the xyl1S regulatory
gene (Mermod et al., J. Bacteriol. 1986;167:447-54). The Pm
promoter, which is isolated from Pseudomonas putida TOL
plasmid and its regulatory gene xylS provide a strong, well
regulated promoter shown to function in a variety of gram
negative bacteria (Blatny etal., Plasmid 1997;38:35-51). The
XylS protein can exist as a monomer or dimer. In the dimeric
form, the XylS protein can bind to the Pm promoter and
stimulate transcription. Dimerization of the XylS protein, and
thus transcriptional initiation at the Pm promoter, is enhanced
by certain effector molecules such as meta-toluic acid (3-me-
thylbenzoate) which bind directly to XylS and promote
dimerization of the protein. (Dominguez-Cuevas et al., J.
Bact. 2008; 190:3118-3128). The promoter can be operably
linked to one or more genes of the gene cluster.

The constructs of the present invention can further com-
prise a second promoter. For example, if analysis of expres-
sion of cloned K4 genes in an alternative host indicated that
the level of expression of a certain gene, or gene set, is less
than optimal, a second promoter can be added to the expres-
sion construct at a location that is selected so as to enhance the
transcription of the gene or gene set that is not expressed at an
optimal level. Typically, the added promoter would be
inserted immediately upstream (i.e., 5'to) the gene or gene set
of interest. The second promoter can be Pm, or any of the
promoters listed above as examples of promoters useful
expressing K4 gene sets. In some embodiments, the second
promoter can be Pm. The second promoter can be operably
linked to one or more genes of the gene cluster. In one
embodiment, the second promoter can be operably linked to
kpsFEDUCS gene set. See, for instance, expression vector
pBR1052 as described in Example 4. The genes, or combi-
nations of genes, that it would be advantageous to express, or
augment the expression of, by use of a second promoter can
be determined empirically for any given plasmid, or chromo-
somal, gene set by western blot analysis.

The constructs of the present invention can further com-
prise an antibiotic resistance gene that confers resistance to a
particular antibiotic. Such genes are well known in the art.
Examples of antibiotic resistance genes include, without
limitation, chloramphenicol resistance gene (CamR), kana-
mycin resistance gene (KanR), ampicillin resistance gene
(AmpR), tetracycline resistance gene (TetR), spectinomycin
resistance gene (SpcR), sulfonamide resistance gene (SuR),
bleomycin resistance gene (BleR), streptomycin resistance
gene (StrR), carbenicillin resistance gene (CbR) and erythro-
mycin resistance gene (EryR).

The constructs of the present invention are useful for pro-
ducing chondroitin in a bacterial host cell. While any bacterial
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cell canbe used as a host cell in the present invention, in some
embodiments the host is a gram-negative bacterium.
Examples of gram negative bacteria include, without limita-
tion, Escherichia, Pseudomonas, Xanthomonas, Methylomo-
nas, Acinetobacter and Sphingomonas. In some embodi-
ments the host is a non-pathogenic gram-negative bacterium.
Examples of non-pathogenic gram-negative bacteria include
without limitation, non-pathogenic E. coli such as E. coli
K-12 or E. coli B, Xanthomonas campestris, Sphingomonas
elodea and Pseudomonas putida.

In some embodiments, an endogenous gene of a bacterial
host cell as described herein is deleted or inactivated by
homologous recombination.

Derivatives of hosts that are unable to manufacture their
native extracellular polysaccharides are desirable. Use of
such derivative hosts would facilitate the visual and chemical
identification of biosynthesis of recombinant chondroitin
(rCH), as well as the purification of the rCH produced by the
host when a K4 gene set is introduced. Furthermore, biosyn-
thesis of rCH in appropriately designed derivative hosts
would not be limited by competition with the native polysac-
charide synthesis. For example, inactivation or deletion of the
first glycosyltransterase genes of a native polysaccharide bio-
synthetic pathway would prevent utilization of any potential
lipid carrier by the native pathway and prevent competition
between the enzymes of the native pathway and the K4
enzymes for the lipid carrier, or any other cellular
component(s) that acts on nascent polysaccharide chains and
might be limiting in availability. Inactivation (e.g. by dele-
tion) of the entire native biosynthetic gene clusters would
remove most of the competitive elements, but could poten-
tially have undesirable effects on physiology and/or mem-
brane structure.

As described in detail in Example 3, the present inventors
have, by way of example and without intending to be limited
to these examples, used E. coli K-12 (“K-127), E. coli B
(“EcB”), and Xanthomonas campestris pv. campestris
(“Xcc”) as hosts for the expression of the constructs of the
present invention. Generation of derivative hosts that com-
prise deletions in one or more genes of the gene cluster that
encode enzymes for synthesis of native extracellular polysac-
charides was carried out using a two-step, “pop-in/pop-out”
homology-driven method as described in detail in Example 3.
For example, colanic acid (M antigen) is an extracellular
polysaccharide produced by many enteric bacteria. E. coli
K-12 and E. coli B strains that are deficient or defective in the
colanic acid biosynthesis were created. Strains MSC88 and
MSC175 are derivatives of E. coli K-12 strain that comprise
a deletion ofthe entire colanic acid operon, and the wcal gene
encoding the glycosyltransferase enzyme responsible for
loading of the first sugar onto a lipid carrier during colanic
acid biosynthesis, respectively. Strain MSC364 is a derivative
of E. coli B that comprises a deletion of the entire colanic acid
operon. Similarly, Xanthomonas campestris pv. campestris
strains that are deficient or defective in the biosynthesis of the
extracellular polysaccharide xanthan gum were created.
Strains MSC225 and MSC226 are derivatives of Xcc strain
that comprise a deletion of the gumD gene encoding the
glycosyltransferase I enzyme and strains MSC255, MSC256,
and MSC257 comprise a deletion of the entire xanthan gum
operon.

The present invention is directed to a method for producing
a non-pathogenic bacterial host cell comprising any one or
more of the constructs of the present invention, comprising
transferring any one or more of the constructs of the present
invention to a non-pathogenic bacterial host cell. The con-
structs of the present invention can be introduced into bacte-
rial host cells by any known method for expression of the
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genes present within the constructs. Such methods can
include, without limitation, transformation, electroporation,
conjugation or transduction.

The present invention is directed to a non-pathogenic bac-
terial host cell comprising any one or more of the constructs
of the present invention. As such, the present invention also
includes various strains that were created by introducing the
constructs comprising expression vectors of the present
invention into the host strains, including the derivative strains
comprising deletions. Certain examples are described in
detail in Examples 6-9, 11, 13 and 14.

In some embodiments, the genes contained within the con-
structs of the invention are introduced into the chromosome
of the recipient host strain such that the genes are integrated
within the host chromosome. Placing the cloned genes in the
chromosome provides the advantage of eliminating the
requirement for maintaining selective pressure to maintain
the plasmid(s) or vector(s) which carry the chondroitin bio-
synthesis genes and can thus potentially provide more stable
expression strains or expression strains that are stable in the
absence of any selective pressure. Accordingly, the present
invention includes bacterial strains that comprise one or more
copies of any one or more of the genes contained within the
constructs of the present invention integrated into their chro-
mosome.

By way of example, the present inventors have created E.
coli K-12 and Xcc strains that include one or more of the
synthetic genes for the biosynthesis of chondroitin integrated
into their chromosomes. The present invention also includes
strains that were created by introducing the constructs com-
prising expression vectors of the present invention into the
strains of the present invention that comprise one or more
copies of the constructs integrated into their chromosome.

In some embodiments, the K4 gene cluster, one or more
regions of the cluster, one or more subsets of genes of the
cluster, or one or more genes of the cluster are integrated into
the chromosome of a non-pathogenic bacterial host cell as
described herein using a construct of the invention and meth-
ods described herein. In some embodiments, two or more
copies of the gene cluster, region, subset, or gene are inte-
grated into the chromosome of a non-pathogenic bacterial
host cell. In some embodiments, 2 to 20; 2to 19; 2t0 18; 2 to
17;2t016;2t015;2t0 14;2t013;2t0 12;2to 11; 2 to 10;
2t09;2t08;2t07;2106;21t05;2104;0r2to 3 copies of
the gene cluster, region, subset, or gene are integrated into the
chromosome of a non-pathogenic bacterial host cell. In some
embodiments, 2, 3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 16,
17, 18, 19 or 20 copies of the gene cluster, region, subset, or
gene are integrated into the chromosome of a non-pathogenic
bacterial host cell. In some embodiments, the two or more
copies are integrated into the host chromosome using the
same construct. In some embodiments, the two or more cop-
ies are integrated into the host chromosome using different
constructs. In some embodiments, a promoter is also inte-
grated into the host chromosome to control expression of the
gene cluster, region, subset, or gene that is integrated into the
host chromosome. In some embodiments, the two or more
copies that are integrated into the host chromosome are
expressed from the same promoter or from different promot-
ers. In some embodiments, two or more copies of a region 2
gene selected from the group consisting of kfoA, kfoB, kfoC,
kfoF, kfoG, and a combination thereof are integrated into a
host chromosome. In some embodiments, two or more copies
ofkfoA, kfoB, kfoC, kfoF, and kfoG are integrated into a host
chromosome. In some embodiments, two or more copies of
region 1, region 3, or one or more genes from region 1 or
region 3 are integrated into a host chromosome. In some

10

15

20

25

30

35

40

45

50

55

60

65

18

embodiments, genes contained within a construct of the
invention are integrated into the chromosome of a bacterial
host cell that also contains one or more constructs of the
invention comprising genes that are not integrated into the
chromosome.

Examples of such strains are described in detail in
Examples 10-13 and 20-21. The constructs and strains
described can be used for production of chondroitin.

Examples of the strains of the present invention include,
without limitation, E. coli K-12 strains MSC279, MSC280,
MSC322, MSC323, MSC324, MSC325, MSC328, MSC346,
MSC356, MSC359, MSC392, MSC402, MSC403, MSC404,
MSC405, MSC410, MSC411, MSC436, MSC437, MSC438,
MSC439, MSC458, MSC459, MSC460, MSC466, MSC467,
MSC498, MSC499, MSC500, MSC510, MSC511, MSC522,
MSC526, MSC537, MSC551, MSC561, MSC562, MSC563,
MSC564, MSC566, MSC567, MSC619, MSC625, MSC627,
MSC640, MSC641, MSC643, MSC646, MSC650, MSC656,
MSC657, MSC658, MSC659, MSC660, MSC669, MSC670,
MSC671, MSC672, MSC673, MSC674, MSC675, MSC676,
MSC677, MSC678, MSC679, MSC680, MSC681, MSC682,
MSC683, MSC684, MSC687, MSC688, MSC689, MSC690,
MSC691, MSC692, MSC693, MSC694, MSC700, MSC701,
MSC702, MSC722, MSC723, and MSC724; E. coli B strains
MSC315, MSC316, MSC317, MSC319, and MSC347; and
X campestris strains MSC326, MSC348, MSC350,
MSC480, MSC461, MSC469 and MSC494.

The present invention is directed to a method for producing
a chondroitin, comprising transferring any one or more of the
constructs of the present invention to a non-pathogenic bac-
terial host cell, and culturing the bacterial host cell under
fermentation conditions wherein the chondroitin is produced
by the bacterial host cell.

The present invention is directed to a method for producing
a chondroitin, comprising culturing a non-pathogenic host
cell comprising any one or more of the constructs of the
present invention under fermentation conditions sufficient for
production of chondroitin.

The present invention includes a method for producing an
unsulfated chondroitin. The method comprises culturing a
non-pathogenic bacterial host cell of the invention under fer-
mentation conditions sufficient for production of unsulfated
chondroitin. In some embodiments, the method comprises
transferring the constructs of the present invention to a non-
pathogenic bacterial host cell and culturing the bacterial host
cell under fermentation conditions, which results in the pro-
duction of unsulfated chondroitin by the bacterial host cell.

Various embodiments are described in examples 7-15. Spe-
cifically, Examples 6-9, 11, 13 and 14 present data demon-
strating production of chondroitin when the constructs of the
present invention are transformed into host cells and
Examples 10-15 present data demonstrating production of
chondroitin when the constructs of the present invention are
integrated into the chromosome of the host cell.

Depending on the specific construct and the combination
of genes therein, it is possible to produce chondroitin that is
fructosylated or non-fructosylated (see Examples 6 and 7).
Furthermore, depending on the specific construct and the
combination of genes therein, the recombinant chondroitin
can be secreted into the culture medium or retained in an
intracellular location (See Example 9).

Methods of culturing bacterial cells and compositions of
culture media are well known in the art and can be used in the
present invention. For optimal production of recombinant
chondroitin, various culture parameters such as temperature,
pH, dissolved oxygen concentration, inducer concentration
and duration of culture post-induction, as well as composition
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of the media including content of nutrients and salts therein
should be optimized. Example 8 describes the recombinant
production of chondroitin in a variety of growth media, tem-
peratures and induction conditions. Based on this informa-
tion, further optimization of such parameters will be readily
apparent to one skilled in the art. In some embodiments, the
bacterial host cell is cultured at 20° C. t0 37° C., e.g., 20° C.,
21°C.,22°C.,23°C.,24°C.,25°C,26°C.,27°C,28°C,
29°C., 30°C.,31°C.,32°C,33°C, 34° C,35°C,36°C.
or 37° C. In some embodiments, the culture medium com-
prises yeast extract, a protein digest, a potassium phosphate,
and water. In some embodiments, the culture medium com-
prises glycerine (also known as glycerol). In some embodi-
ments, 1 g/[. to 50 g/L., 5 g/L to 50 g/L or 15 g/L. to 50 g/LL of
the unsulfated chondroitin is secreted from the bacterial host
cell in 24 to 72 hours.

In some embodiments, a method for producing a chon-
droitin of the invention further comprises recovering the
chondroitin from the bacterial host cell.

In some embodiments, a method for producing a chon-
droitin of the invention further comprises recovering the
chondroitin from extracellular culture medium. Chondroitin
can be recovered from fermentation broth by alcohol precipi-
tation or any technique known in the art, including without
limitation, lyophilization to obtain dry powder.

In some embodiments, a method for producing a chon-
droitin can include the step of purifying the recovered chon-
droitin. Purification of chondroitin can be accomplished by
any technique known in the art, including, for example, alkali
treatment, acid treatment, proteinases treatment, chromatog-
raphy, extraction, solvent extraction, membrane separation,
electrodialysis, reverse osmosis, distillation, precipitation,
chemical derivatization, crystallization, ultrafiltration, and/or
precipitation of the polysaccharide using organic solvents.
See, for example, Taniguchi, N., 1982. Isolation and analysis
of glycosaminoglycans. Pages 20-40 in: Glycosaminogly-
cans and Proteoglycans in Physiological and Pathological
Process of Body Systems. R. S. Varma and R. Varma, ed.
Karger, Basel, Switzerland; Fraquharson et al., Oral. Micro-
biol. Immunol. 2000; 15:151-157; Manzoni et al., J. Bioact.
Comp. Polm. 1993; 8:251-257; Manzoni et al., Biotechnol.
Letters 2000, 22:759-766; Johns et al., Aust. J. Biotechnol.
1991; 5:73-77; each of these documents is incorporated by
reference herein in its entirety. Examples of precipitation
solvents can include, without limitation, acetone, methanol,
ethanol, or isopropanol.

In some embodiments, the method for producing a chon-
droitin further comprises sulfating the chondroitin.

The present invention is directed to a method for producing
a chondroitin sulfate, comprising producing a chondroitin by
a method of the present invention and sulfating the chon-
droitin.

Sulfation can be done chemically or enzymatically. Several
procedures are known in the art for chemical sulfation of
polysaccharides, any one of which can be used here. For
example, sulfation can be accomplished by solubilization of
the polysaccharide into an organic solvent followed by react-
ing with a sulfating agent under a controlled temperature.
Examples of solubilization solvents can include, without
limitation, formamide, N,N-dimethylformamide (DMF),
pyridine, or dimethylsulfoxide. Examples of sulfating agents
can include, without limitation, chlorosulfonic acid, sulfur
trioxide, and various sulfur trioxide-amine complexes.
Examples of amines suitable for the sulfur trioxide-amine
complexes include, without limitation, pyridine, DMF, trim-
ethylamine, triethylamine (TEA) and piperidine. In some
embodiments, upon sulfation of recombinant chondroitin, the
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sulfated product contains 5.0 to 7.5% of sulfur content which
corresponds to that of natural chondroitin sulfate. In further
embodiments, the sulfated product does not undergo signifi-
cant depolymerization. Example 15 describes a method for
chemical sulfation of recombinant chondroitin. In some
embodiments, sulfating a chondroitin produced by a method
of the invention comprises mixing sulfurtrioxide-triethy-
lamine complex or chlorosulfonic acid with the chondroitin
in formamide.

The present invention is directed to a recombinant chon-
droitin or a recombinant chondroitin sulfate produced by any
of the methods described herein.

The present invention is directed to a composition com-
prising a recombinant chondroitin or a recombinant chon-
droitin sulfate produced by any of the methods described
herein.

In some embodiments, the composition can include a
supplement such as glucosamine, glucosamine sulfate or glu-
cosamine hydrochloride. Glucosamine (2-acetamido-2-
deoxyglucose) is a naturally occurring compound that is
found in cartilage. Glucosamine sulfate is a normal constitu-
ent of glycosaminoglycans in the cartilage matrix and syn-
ovial fluid. Some clinical trials support the use of glu-
cosamine sulfate in the treatment of osteoarthritis,
particularly that of the knee (Herrero-Beaumont et al. Arthri-
tis Rheum. 2007; 56:555-67; Bruyere et al., Osteoarthritis
Cartilage 2008; 16:254-60). It has been proposed that the
sulfate moiety provides clinical benefit in the synovial fluid
by strengthening cartilage and aiding glycosaminoglycan
synthesis (Silbert Glycobiology 2009; 19:564-567). Glu-
cosamine is commonly provided in combination with chon-
droitin sulfate in nutritional supplements intended to promote
joint health and as a treatment for osteoarthritis.

In some embodiments, the present invention includes
methods of maintaining healthy joint function in a subject. In
other embodiments, the present invention includes methods
for treating or preventing osteoarthritis, interstitial cystitis
and/or synovitis. These methods comprise administering to
the subject the compositions comprising the recombinant
chondroitin sulfate described above. The compositions of the
present invention can be generally administered in therapeu-
tically effective amounts.

The present invention is directed to an antibody or antibody
fragment that selectively binds to a protein encoded by a gene
of the K4 chondroitin biosynthetic gene cluster. These anti-
bodies and antibody fragments can be used to confirm the
expression of genes of the K4 chondroitin biosynthetic gene
cluster in the bacterial hosts. In some embodiments, the anti-
body or antibody fragment binds to an amino acid sequence
selected from the group consisting of SEQ ID NO:92 of KpsF,
SEQ ID NO:93 of KpsE, SEQ ID NO:94 of KpsD, SEQ 1D
NO:95 of KpsU, SEQ ID NO:96 of KpsC, SEQ ID NO:97 of
KpsS, SEQIDNO:91 of KpsT, SEQID NO:83 of KfoA, SEQ
ID NO:84 of KfoB, SEQ ID NO:85 of KfoC, SEQ ID NO:86
of Kfol (Orf3), SEQ ID NO:87 of KfoE, SEQ ID NO:88 of
KfoH (Orfl), SEQ ID NO:89 of KfoF, and SEQ ID NO:90 of
KfoG. The generation of the antibodies is described in detail
in Example 5.

Fermentation Media and Conditions

In the method for production of chondroitin, a microorgan-
ism having a genetic modification described herein is cul-
tured in a fermentation medium to produce chondroitin. An
appropriate, or effective, fermentation medium refers to any
medium in which a genetically modified microorganism of
the present invention, when cultured, is capable of producing
chondroitin. Such a medium is typically an aqueous medium
comprising assimilable carbon, nitrogen and phosphate
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sources. Such a medium can also include appropriate salts,
minerals, metals and other nutrients. Exemplary media are
described below and in the Examples section. It should be
recognized, however, that a variety of fermentation condi-
tions are suitable and can be selected by those skilled in the
art.

Sources of assimilable carbon which can be used in a
suitable fermentation medium include, but are not limited to,
sugars and their polymers, including dextrin, sucrose, mal-
tose, lactose, glucose, fructose, mannose, sorbose, arabinose
and xylose; fatty acids; organic acids such as acetate; primary
alcohols such as ethanol and n-propanol; and polyalcohols
such as glycerine. Carbon sources in the present invention
include polyalcohols, monosaccharides, disaccharides, and
trisaccharides. In some embodiments, the carbon source is
glycerine.

The concentration of a carbon source, such as glycerine, in
the fermentation medium should promote cell growth, but not
be so high as to repress growth of the microorganism used.
Typically, fermentations are run with a carbon source, such as
glycerine, being added at levels to achieve the desired level of
growth and biomass, but maintained at low concentration
levels (below 1 g/L.) to avoid accumulation of organic acids,
specifically acetate. In other embodiments, the concentration
of a carbon source, such as glycerine, in the fermentation
medium is greater than 1 g/[., greater than 2 g/L, or greater
than 5 g/L. In addition, the concentration of a carbon source,
such as glycerine, in the fermentation medium is typically
less than 100 g/L, less than 50 g/L, or less than 20 g/I.. It
should be noted that references to fermentation component
concentrations can refer to both initial and/or ongoing com-
ponent concentrations. In some cases, it can be desirable to
allow the fermentation medium to become depleted of a car-
bon source during fermentation.

Sources of assimilable nitrogen which can be used in a
suitable fermentation medium include, but are not limited to,
simple nitrogen sources, organic nitrogen sources and com-
plex nitrogen sources. Such nitrogen sources include anhy-
drous ammonia, ammonium salts and substances of animal,
vegetable and/or microbial origin. Suitable nitrogen sources
include, but are not limited to, protein hydrolysates, microbial
biomass hydrolysates, peptone, yeast extract,ammonium sul-
fate, ammonium hydroxide, urea, and amino acids. Typically,
the concentration of the nitrogen sources in the fermentation
medium is greater than 0.1 g/I, greater than 0.25 g/L, or
greaterthan 1.0 g/L.. Beyond certain concentrations, however,
the addition of a nitrogen source to the fermentation medium
is not advantageous for the growth of the microorganisms. As
a result, the concentration of the nitrogen sources in the
fermentation medium is less than 20 g/L, less than 10 g/L, or
less than 5 g/L. Further, in some instances it can be desirable
to allow the fermentation medium to become depleted of the
nitrogen sources during fermentation.

The effective fermentation medium can contain other com-
pounds such as defoamers, inorganic salts, vitamins, trace
metals and/or growth promoters. Such other compounds can
also be present in carbon, nitrogen or mineral sources in the
effective medium or can be added specifically to the medium.

The fermentation medium can also contain a suitable phos-
phate source. Such phosphate sources include both inorganic
and organic phosphate sources. Phosphate sources include,
but are not limited to, phosphate salts such as mono or dibasic
sodium and potassium phosphates, ammonium phosphate
and mixtures thereof. Typically, the concentration of phos-
phate in the fermentation medium is greater than 1.0 g/L,
greater than 2.0 g/, or greater than 5.0 g/L.. Beyond certain
concentrations, however, the addition of phosphate to the
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fermentation medium is not advantageous for the growth of
the microorganisms. Accordingly, the concentration of phos-
phate in the fermentation medium is typically less than 20
g/L, less than 15 g/L, or less than 10 g/L.

A suitable fermentation medium can also include a source
of magnesium. In some embodiments, the source of magne-
sium is in the form of a physiologically acceptable salt, such
as magnesium sulfate heptahydrate, although other magne-
sium sources in concentrations which contribute similar
amounts of magnesium can be used. Typically, the concen-
tration of magnesium in the fermentation medium is greater
than 0.5 g/L, greater than 1.0 g/L, or greater than 2.0 g/L..
Beyond certain concentrations, however, the addition of mag-
nesium to the fermentation medium is not advantageous for
the growth of the microorganisms. Accordingly, the concen-
tration of magnesium in the fermentation medium is typically
less than 10 g/L, less than 5 g/L, or less than 3 g/L. Further, in
some instances it can be desirable to allow the fermentation
medium to become depleted of a magnesium source during
fermentation.

The fermentation medium can also include a biologically
acceptable chelating agent, such as the dihydrate of trisodium
citrate or citric acid. In such instance, the concentration of a
chelating agent in the fermentation medium is greater than 0.1
g/L, greater than 0.2 g/1., greater than 0.5 g/L, or greater than
1 g/L.. Beyond certain concentrations, however, the addition
of'a chelating agent to the fermentation medium is not advan-
tageous for the growth of the microorganisms. Accordingly,
the concentration of a chelating agent in the fermentation
medium is typically less than 10 g/L, less than 5 g/L, or less
than 2 g/L..

The fermentation medium can also initially include a bio-
logically acceptable acid or base to maintain the desired pH of
the fermentation medium. Biologically acceptable acids
include, but are not limited to, hydrochloric acid, sulfuric
acid, nitric acid, phosphoric acid and mixtures thereof. Bio-
logically acceptable bases include, but are not limited to,
anhydrous ammonia, ammonium hydroxide, sodium hydrox-
ide, potassium hydroxide and mixtures thereof. In some
embodiments of the present invention, the base used is ammo-
nium hydroxide.

The fermentation medium can also include a biologically
acceptable calcium source, including, but not limited to, cal-
cium chloride. Typically, the concentration of the calcium
source, such as calcium chloride, dihydrate, in the fermenta-
tion medium is within the range of from 5 mg/L. to 2000 mg/L.,
20 mg/L. to 1000 mg/L, or 50 mg/I. to 500 mg/L..

The fermentation medium can also include sodium chlo-
ride. Typically, the concentration of sodium chloride in the
fermentation medium is within the range of from 0.1 g/[. to 5
gL, 1glLtodg/l,or2g/ltodgl.

As previously discussed, the fermentation medium can
also include trace metals. Such trace metals can be added to
the fermentation medium as a stock solution that, for conve-
nience, can be prepared separately from the rest of the fer-
mentation medium. A suitable trace metals stock solution for
use in the fermentation medium is shown below in Tables 1A
and 1B. Typically, the amount of such a trace metals solution
added to the fermentation medium is greater than 1 mL/L,
greater than 5 mL/L, or greater than 10 mL./L. Beyond certain
concentrations, however, the addition of a trace metals to the
fermentation medium is not advantageous for the growth of
the microorganisms. Accordingly, the amount of such a trace
metals solution added to the fermentation medium is typically
less than 100 mL/L, less than 50 mL/L, or less than 30 mL/L.
It should be noted that, in addition to adding trace metals in a
stock solution, the individual components can be added sepa-
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rately, each within ranges corresponding independently to the
amounts of the components dictated by the above ranges of
the trace metals solution.

As shown below in Table 1A, a suitable trace metals solu-
tion for use in the present invention can include, but is not
limited to ferrous sulfate, heptahydrate; cupric sulfate, pen-
tahydrate; zinc sulfate, heptahydrate; sodium molybdate,
dihydrate; cobaltous chloride, hexahydrate; and manganous
sulfate, monohydrate. Hydrochloric acid is added to the stock
solution to keep the trace metal salts in solution.

TABLE 1A
TRACE METALS STOCK SOLUTION A
CONCENTRATION
COMPOUND (mg/L)
Ferrous sulfate, heptahydrate 280
Cupric sulfate, pentahydrate 80
Zinc (II) sulfate, heptahydrate 290
Sodium molybdate 240
Cobaltous chloride, hexahydrate 240
Manganous sulfate, monohydrate 170
Hydrochloric acid 0.1 ml

Another suitable trace metal solution for use in the present
invention is shown in Table 1B and can include, but is not
limited to, ferric chloride, hexahydrate; zinc chloride; cobalt
chloride, hexahydrate; sodium molybdate; manganese chlo-

ride; boric acid; and citric acid as a chelating agent.
TABLE 1B
TRACE METALS STOCK SOLUTION B
CONCENTRATION
COMPOUND (g/L)
Ferric Chloride, hexahydrate 27
Zinc Chloride 1.3
Cobalt Chloride, hexahydrate 2
Sodium molybdate 2
Manganese Chloride 33
Boric acid 0.5
Citric acid 33

The fermentation medium can also include vitamins. Such
vitamins can be added to the fermentation medium as a stock
solution that, for convenience, can be prepared separately
from the rest of the fermentation medium. A suitable vitamin
stock solution for use in the fermentation medium is shown
below in Table 2. Typically, the amount of such vitamin
solution added to the fermentation medium is greater than 1
ml/L, greater than 5 mL, or greater than 10 ml/L.. Beyond
certain concentrations, however, the addition of vitamins to
the fermentation medium is not advantageous for the growth
of the microorganisms. Accordingly, the amount of such a
vitamin solution added to the fermentation medium is typi-
cally less than S0 ml/L, less than 30 ml/L, or less than 20 m1/L..
It should be noted that, in addition to adding vitamins in a
stock solution, the individual components can be added sepa-
rately, each within the ranges corresponding independently to
the amounts of the components dictated by the above ranges
of the vitamin stock solution.

As shown in Table 2, a suitable vitamin solution for use in
the present invention can include, but is not limited to, biotin,
calcium pantothenate, inositol, pyridoxine-HCl and thia-
mine-HCI.
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TABLE 2

VITAMIN STOCK SOLUTION

CONCENTRATION
COMPOUND (mg/L)
Biotin 10
Calcium pantothenate 120
Inositol 600
Pyridoxine-HCI 120
Thiamine-HCl 120

Microorganisms of the present invention can be cultured in
conventional fermentation modes, which include, but are not
limited to, batch, fed-batch, cell recycle, and continuous. In
some embodiments, the fermentation is carried out in fed-
batch mode. In such a case, during fermentation some of the
components of the medium are depleted. It is possible to
initiate the fermentation with relatively high concentrations
of'such components so that growth is supported for a period of
time before additions are required. The preferred ranges of
these components are maintained throughout the fermenta-
tion by making additions as levels are depleted by fermenta-
tion. Levels of components in the fermentation medium can
be monitored by, for example, sampling the fermentation
medium periodically and assaying for concentrations. Alter-
natively, once a standard fermentation procedure is devel-
oped, additions can be made at timed intervals corresponding
to known levels at particular times throughout the fermenta-
tion. As will be recognized by those in the art, the rate of
consumption of nutrient increases during fermentation, as the
cell density of the medium increases. Moreover, to avoid
introduction of foreign microorganisms into the fermentation
medium, addition is performed using aseptic addition meth-
ods, as are known in the art. In addition, a small amount of
anti-foaming agent can be added during the fermentation.

The temperature of the fermentation medium can be any
temperature suitable for growth and production of chon-
droitin. For example, prior to inoculation of the fermentation
medium with an inoculum, the fermentation medium can be
brought to and maintained at a temperature in the range of
from 20° C. to 45° C., 25° C. 10 40° C., or 28° C. to0 32° C.

The pH of the fermentation medium can be controlled by
the addition of acid or base to the fermentation medium. In
such cases when ammonia is used to control pH, it also
conveniently serves as a nitrogen source in the fermentation
medium. In some embodiments, the pH is maintained from
30t080,55t07.5 0r6.0t0 7.

The fermentation medium can also be maintained to have a
constant dissolved oxygen content during the course of fer-
mentation to maintain cell growth and to maintain cell
metabolism for production of chondroitin. The oxygen con-
centration of the fermentation medium can be monitored
using known methods, such as through the use of an oxygen
electrode. Oxygen can be added to the fermentation medium
using methods known in the art, for example, through agita-
tion and aeration of the medium by stirring, shaking or sparg-
ing. In some embodiments, the oxygen concentration in the
fermentation medium is in the range of from 10% to 200% of
the saturation value of oxygen in the medium based upon the
solubility of oxygen in the fermentation medium at atmo-
spheric pressure and at a temperature in the range of from 20°
C.1040° C. Periodic drops in the oxygen concentration below
this range can occur during fermentation, however, without
adversely affecting the fermentation.

Although aeration of the medium has been described
herein in relation to the use of air, other sources of oxygen can
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be used. Particularly useful is the use of an aerating gas which
contains a volume fraction of oxygen greater than the volume
fraction of oxygen in ambient air. In addition, such aerating
gases can include other gases which do not negatively affect
the fermentation.

In an embodiment of the fermentation process of the
present invention, a fermentation medium is prepared as
described above. This fermentation medium is inoculated
with an actively growing culture of genetically modified
microorganisms of the present invention in an amount suffi-
cient to produce, after a reasonable growth period, a high cell
density. Typical inoculation cell densities are within the range
of from 0.001 g/.t0o 10 g/I., 0.01 gL to 5 g/L, or 0.05 gL to
1.0 g/L, based on the dry weight of the cells. In production
scale fermentors, however, greater inoculum cell densities are
preferred. The cells are then grown to a cell density in the
range of from 10 g/IL to 150 g/L, 20 g/L. to 80 g/L, or 50 g/LL
to 70 g/L.. The residence times for the microorganisms to
reach the desired cell densities during fermentation are typi-
cally less than 200 hours, less than 120 hours, or less than 96
hours.

In one mode of operation of the present invention, the
carbon source concentration, such as the glycerine concen-
tration, of the fermentation medium is monitored during fer-
mentation. Glycerine concentration of the fermentation
medium can be monitored using known techniques, such as,
for example, use of the high pressure liquid chromatography,
which can be used to monitor glycerine concentration in the
supernatant, e.g., a cell-free component of the fermentation
medium. As stated previously, the carbon source concentra-
tion should be kept below the level at which cell growth
inhibition occurs. Although such concentration can vary from
organism to organism, for glycerine as a carbon source, cell
growth inhibition occurs at glycerine concentrations greater
than at about 60 g/, and can be determined readily by trial.
Accordingly, when glycerine is used as a carbon source the
glycerine is preferably fed to the fermentor and maintained
below detection limits. Alternatively, the glycerine concen-
tration in the fermentation medium is maintained in the range
of from 1 g/L. to 100 g/L, 2 g/IL to 50 g/L, or 5 g/ to 20 g/L..
Although the carbon source concentration can be maintained
within desired levels by addition of, for example, a substan-
tially pure glycerine solution, it is acceptable to maintain the
carbon source concentration of the fermentation medium by
addition of aliquots of the original fermentation medium. The
use of aliquots of the original fermentation medium can be
desirable because the concentrations of other nutrients in the
medium (e.g. the nitrogen and phosphate sources) can be
maintained simultaneously. Likewise, the trace metals con-
centrations can be maintained in the fermentation medium by
addition of aliquots of the trace metals solution.
Chondroitin Recovery

Once chondroitin is produced by a fermentation method-
ology, it can be recovered for subsequent use. The present
inventors have shown that chondroitin can be present in a
cell-free form in culture media (“secreted chondroitin™) and/
or associated with the cells. Chondroitin that is associated
with the cells can be associated with the cell surface (“cell-
surface chondroitin) and/or retained within the cell (“intra-
cellular chondroitin®).

With respect to “secreted chondroitin,” the recovery of
chondroitin can be accomplished by cell removal followed by
alcohol precipitation of the cell-free culture media, or any
technique known in the art, including without limitation,
lyophilization of the cell-free culture media to obtain dry
powder.
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With respect to “cell-surface chondroitin,” the recovery of
chondroitin can additionally include a step of detaching the
chondroitin from the cell surface followed by a cell removal
step that removes the cells from the culture media that con-
tains the free chondroitin. With respect to “intracellular chon-
droitin,” the recovery can additionally include a step of per-
meabilizing or lysing the cells, followed by a step that
accomplishes removal of the lysed or permeabilized cells
from the culture media that now contains the liberated chon-
droitin. Chondroitin can be recovered from the culture media
by alcohol precipitation of the culture media, or any tech-
nique known in the art, including without limitation, lyo-
philization of the culture media to obtain dry powder.

Additionally, the recovered chondroitin polymer can be
depolymerized to reduce the molecular weight of the poly-
mer. Depolymerization of a chondroitin can be accomplished
by any technique known in the art, including without limita-
tion, acidic depolymerization. See, for example, Tommeraas
and Melander, Biomacromolecules 2008; 9:1535-1540. A
recovered chondroitin can be depolymerized, for example, to
produce a chondroitin with a similar or identical molecular
weight to an animal-derived chondroitin and/or to aid in sul-
fation of a recovered non-sulfated chondroitin. For example,
a recovered chondroitin can be depolymerized to obtain a
polymer with a molecular weight of 5 kDa to 100 kDa, pref-
erably, 10 kDato 70 kDa, more preferably, 20 kDa to 40 kDa.

The following definitions and abbreviations are to be used
for the interpretation of the claims and the specification.

As used herein the term “gene” refers to a nucleic acid
fragment (or polynucleotide) that is capable of being
expressed as a specific protein, optionally including regula-
tory sequences preceding (5' non-coding sequences) and fol-
lowing (3' noncoding sequences) the coding sequence.
“Native gene” refers to a gene that is found in nature with its
own regulatory sequences. “Endogenous gene” refers to a
native gene in its natural location in the genome of an organ-
ism.

Asused herein the term “coding sequence” refers to a DNA
sequence that codes for a specific amino acid sequence.

“Suitable regulatory sequences” refer to nucleotide
sequences located upstream (5' non-coding sequences),
within, or downstream (3' non-coding sequences) of a coding
sequence, and which influence the transcription, RNA pro-
cessing or stability, or translation of the associated coding
sequence. Regulatory sequences can include promoters,
translation leader sequences, introns, polyadenylation recog-
nition sequences, RNA processing sites, effector binding sites
and stem-loop structures.

The term “promoter” refers to a DNA sequence capable of
controlling the expression of a coding sequence or functional
RNA. In general, a coding sequence is located 3' to a promoter
sequence. Promoters can be derived in their entirety from a
native gene, or be composed of different elements derived
from different promoters found in nature, or even comprise
synthetic DNA segments. It is understood by those skilled in
the art that different promoters can direct the expression of a
gene in different tissues or cell types, or at different stages of
development, or in response to different environmental or
physiological conditions. Promoters which cause a gene to be
expressed in most cell types at most times are commonly
referred to as “constitutive promoters”. It is further recog-
nized that since in most cases the exact boundaries of regu-
latory sequences have not been completely defined, DNA
fragments of different lengths can have identical promoter
activity.

The term “expression”, as used herein, refers to the tran-
scription and stable accumulation of sense (mRNA) or anti-
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sense RNA derived from the nucleic acid fragment of the
invention. Expression can also refer to translation of mRNA
into a polypeptide.

As used herein the term “transformation” refers to the
transfer of a nucleic acid fragment into a host organism,
resulting in genetically stable inheritance. Host organisms
containing the transformed nucleic acid fragments are
referred to as “transgenic” or “recombinant” or “trans-
formed” organisms.

The terms “construct,” “plasmid”, “vector” and “cassette”
refer to an extra chromosomal element often carrying genes
which are not part of the central metabolism of the cell, and
usually in the form of circular, or linear, double stranded DNA
fragments. Such elements can be autonomously replicating
sequences, genome integrating sequences, phage or nucle-
otide sequences, of a single- or double-stranded DNA or
RNA, derived from any source, in which a number of nucle-
otide sequences have been joined or recombined into a unique
construction which is capable of introducing a promoter frag-
ment and DNA sequence for a selected gene product along
with appropriate 3' untranslated sequence into a cell.

As used herein the term “codon degeneracy” refers to the
nature in the genetic code permitting variation of the nucle-
otide sequence without variation in the amino acid sequence
of'an encoded polypeptide. The skilled artisan is well aware
of'the “codon-bias” exhibited by a specific host cell in usage
of nucleotide codons to specify a given amino acid. There-
fore, when synthesizing a gene for improved expression in a
host cell, it is desirable to design the gene such that its fre-
quency of codon usage approaches the frequency of preferred
codon usage of the host cell.

The term “codon-optimized” as it refers to genes or coding
regions of nucleic acid molecules for transformation of vari-
ous hosts, refers to the alteration of codons in the gene or
coding regions of the nucleic acid molecules to reflect the
typical codon usage of the host organism without altering the
polypeptide encoded by the DNA.

The term “operably linked” refers to the association of
nucleic acid sequences on a single nucleic add fragment so
that the function of one is affected by the other. For example,
apromoter is operably linked with a coding sequence when it
is capable of effecting the expression of that coding sequence
(i.e., that the coding sequence is under the transcriptional
control of the promoter). Coding sequences can be operably
linked to regulatory sequences in sense or antisense orienta-
tion.

Standard recombinant DNA and molecular cloning tech-
niques used herein are well known in the art and are described
by Sambrook, J., Fritsch, E. F. and Maniatis, T., Molecular
Cloning: A Laboratory Manual, Second Edition, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y. (1989)
(hereinafter “Maniatis™); and by Silhavy, T. J., Bennan, M. L.
and Enquist, L. W., Experiments with Gene Fusions, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
(1984); and by Ausubel, F. M. et al., Current Protocols in
Molecular Biology, published by Greene Publishing Assoc.
and Wiley-Interscience (1987). Each of these documents is
incorporated by reference herein in there entirety.

Additional objects, advantages, and novel features of this
invention will become apparent to those skilled in the art upon
examination of the following examples thereof, which are not
intended to be limiting.

EXAMPLES

29 <

Example 1
Genetics of K4 Capsule Biosynthesis

The E. coli K4 capsule is categorized as a “group 2” cap-
sule. As reviewed by Whitfield (Annu Rev Biochem. 2006;
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75:39-68), the synthesis of E. coli group 2 capsules is directed
by a set of proteins encoded by gene clusters having a com-
mon genetic organization consisting of three regions. The
predicted structure (prior to the current invention) of the E.
coli K4 capsule gene cluster is shown in the FIG. 2. Region 1
was expected to contain six genes, kpsFEDUCS, and region 3
was expected to contain two genes, kpsM and kpsT. Based on
sequence homology with known proteins, kpsF and kpsU
genes were predicted to encode proteins that catalyze steps in
the biosynthesis of the sugar nucleotide CMP-Kdo. A role of
CMP-Kdo biosynthesis of group 2 capsules in E. coli has
been proposed (Roberts, Annu. Rev. Microbiol. 1996; 50:285-
315) but has not been demonstrated experimentally (Whit-
field, Annu Rev Biochem. 2006; 75:39-68). The kpsM, kpsT,
kpsD, kpsE, kpsC and kpsS genes were posited to encode
proteins required for translocation of the capsular polysac-
charide from the cell cytoplasm, where polymerization of
sugar precursors occurs, to the cell surface where the mature
capsular polysaccharide is believed to be anchored to the
outer cell membrane through a covalent linkage to a lipid
component of that membrane (Roberts, Annu. Rev. Microbiol.
1996; 50:285-315; Whitfield, Annu Rev Biochem. 2006,
75:39-68). For the E. coli K4 capsule, as for most E. coli
group 2 capsules, the structure of the covalent linkage
between the polysaccharide and the lipid component of the
capsule has not been determined experimentally. Moreover,
the identity of the lipid component is not known. The region
1 and region 3 genes, and the proteins that they encode, are
highly conserved among E. col/i strains that produce capsules
having very diverse polysaccharide compositions and struc-
tures (Whitfield, Annu Rev Biochem. 2006; 75:39-68). The
genes contained in region 2 of group 2 capsule clusters in E.
coli include genes that encode enzymes for sugar nucleotide
precursor biosynthesis and for polymerization of these pre-
cursors, and region 2 thereby determines the structure of the
capsular polysaccharide. Other genes in region 2 of group 2
capsule clusters in £. coli encode proteins for which functions
are unknown and have not been demonstrated to have a role in
capsule biosynthesis. The sequence of region 2 of the E. coli
K4 capsule gene cluster as described by Ninomiya et al. (J.
Biol. Chem. 2002; 277:21567-21575, GenBank AB079602)
contains 7 annotated open reading frames (kfoABCDEFG)
predicted to encode proteins. An insertion element, IS2, is
located between genes kfoC and kfoD.

As a preliminary step in design of synthetic coding
sequences for the K4 capsule biosynthetic genes, the inter-
genic sequences separating each gene pair were examined.
Based on this sequence analysis, it appeared likely that there
were, within this region, at least two additional open-reading-
frames (ORFs) encoding proteins that are likely to be
expressed and potentially related to capsule biosynthesis.
Based on the Ninomiya et al. sequence, the following inter-
genic distances were obtained: kfoA-kfoB: 186 bp; kfoB-
kfoC: 297 bp; kfoC-1S2: 29 bp; IS2-kfoD: 9 bp; kfoD-kfoE:
389 bp; kfoE-kfoF: 818 bp; kfoF-kfoG: 431 bp. One open
reading frame was identified in each of the three largest
intergenic regions.

Most of the kfoD-kfoE region is encompassed by a 390 bp
ORF, termed “ORF3”, which initiates 10 nucleotides after the
stop codon ofkfoD and terminates within the coding region of
kfoE. That is, the putative orf3 gene overlaps the kfoE gene by
10 nucleotides. This ORF is initiated by an ATG and a second
possible ATG start is located, in frame, 9 bp downstream.
Both of these possible starts lack a recognizable Shine-Dal-
garno (SD) sequence (Shine and Dalgarno Proc. Natl. Acad.
Sci. USA. 1974;71:1342-6). When the protein product of orf3
was used in a BLAST search, 8 “good” hits, i.e. Scores>138,
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E values<3e-31 were obtained. Two of these hits were to
proteins encoded by Pasteurella multocida genes (bcbF &
ecbF) located in gene clusters for capsule biosynthesis. These
P. multocida capsule gene clusters are diagrammed in FIG.
3A along with the K4 region 2 genes according to the
sequence of Ninomiya et al. as analyzed by the present inven-
tors. Alignment of protein sequences for Orf3, BcbF and
EcbF proteins is shown in FIG. 3B. These P. multocida
sequences come from a serotype B strain (M1404) and a
serotype E strain (P1234), respectively. Composition of the
serotype E capsule is unknown while the serotype B capsule
is reported to be composed of mannose, galactose and arabi-
nose but no structure has been reported (Townsend et al., J.
Clin. Microbiol. 2001; 39:924-929).

In the kfoE-kfoF region, a 630 bp ORF termed “ORF1” is
present as shown in FIG. 3A. The ATG start codon for this
OREF overlaps with the TGA stop codon of the upstream kfoE
gene. Seven base pairs upstream of this ATG, within the
coding sequence for KfoE, a strong SD sequence (AGGAGG)
is present. Thus, the circumstantial evidence is strong that this
ORF should be expressed. BLAST results for the protein
encoded by ORF1 include strong hits to P. multocida genes
(bebE & ecbE) that are adjacent to the P. multocida gene hits
obtained with ORF3. That is, both putative ORFs 1 and 3 of
the K4 cluster have homologs within two P. multocida gene
clusters encoding capsular polysaccharides. Alignment of
ORF1, BebE and EcbE protein sequences is shown in FIG.
3B.

In the kfoF-kfoG region, a 384 bp ORF, termed “ORF2” is
present. The ATG start codon of this ORF is preceded by a GG
sequence 15 bp upstream, which could provide a weak SD
sequence. No significant hits were found in BLAST searches
with this protein sequence. This suggested that this ORF may
not encode a polypeptide that is actually produced.

It is interesting to note that two other K4 capsule cluster
genes from region 2 (kfoD and kfoE) have homology to P.
multocida genes located in the P. multocida P1234 and P.
multocida M 1404 capsule gene clusters. The protein encoded
by kfoD shares homology with EcbD and BebD and similarly
the kfoE gene product shares homology with EcbG and
BebG. Thus, as shown in FIG. 3A, the four contiguous K4
genes (kfoD, orf3, kfoE, and orf1) have homologs among the
contiguous P. multocida serotype B genes bcbDEFG and the
P. multocida serotype E genes ecbDEFG. As noted above,
these two Pasteurella strains are not chondroitin producers
and the role, if any, which the K4 genes kfoD, orf3, kfoE, and
orfl play in chondroitin biosynthesis was unknown prior to
this invention.

The fact that the kfoD, orf3, kfoE, orfl gene set in K4 is
immediately (9 bp) preceded by IS2 raises numerous possi-
bilities regarding their origin and role in chondroitin capsule
synthesis. Without wishing to be bound by theory, the present
inventors contemplate that the K4 region 2 gene cluster has
arisen via [S2-mediated recombination/insertion into a paren-
tal, chondroitin-producing, cluster comprised of kfoABCFG.
Further, the present inventors hypothesized that the kfoD,
orf3, kfoE and orf1 genes might be involved in the fructosy-
lation of the chondroitin backbone. The fructosylation is the
one obvious structural difference between the P. multocida
serotype F capsule and the E. coli K4 capsule. It is possible
that the significant difference in genetic structure between the
two, i.e. the presence or absence of the kfoD, orf3, kfoE, orfl
gene set, is a reflection of that structural difference. By anal-
ogy to the capsule biosynthetic gene cluster of the P. multo-
cida chondroitin-producing serotype F strain P4182
(Townsend et al., J. Clin. Microbiol. 2001; 39:924-929), it
may be possible that the only relevant K4 region 2 genes for

25

30

35

40

45

50

55

30
production of the chondroitin backbone might be kfoA, kfoB,
kfoC, kfoF and kfoG. As described in Examples 6 and 7, the
present inventors confirmed that the kfoD, orf3, kfoE and orfl
genes are not required for production of chondroitin and that
one or more of these genes is essential for fructosylation of
chondroitin.

In order to confirm the Ninomiya et al. sequence prior to
designing synthetic coding sequences for the K4 capsule
biosynthetic genes, the present inventors sequenced region 2
of the K4 capsule gene cluster from the E. coli K4 strain
ATCC 23502 obtained from ATCC. Genomic DNA was pre-
pared from a fresh overnight culture of ATCC strain 23502
using the Qiagen Genomic DNA Kit (Qiagen Inc., Valencia,
Calif.) according to the vendor protocol. Aliquots of genomic
DNA, sheared by passage (five times) through a 20 gauge
needle were used as template in PCR reactions to produce a
series of 6 overlapping PCR products ranging in size from 2.2
kB to 2.7 kB. The products of the PCR reactions were purified
using the Qiagen QIAquick PCR Purification Kit according
to the vendor protocol and sent to a commercial vendor (Bio-
technology Resource Center, DNA Sequencing Facility, Cor-
nell University, Ithaca, N.Y.) for DNA sequence determina-
tion. The sequences of these 6 overlapping PCR products
spanned the region 2 sequence as determined by Ninomiya et
al. (2002). On the whole, there was agreement between the
sequence determined by the inventors and the sequence
reported by Ninomiya et al. with a 99.8% identity. However,
there were single base pair differences, including substitu-
tions, deletions and insertions, at 26 positions. Some of these
differences resulted in substantial differences in the predicted
amino acid sequences of region 2 proteins encoded by the
gene cluster. The observed nucleotide sequence differences
and resulting effect on predicted protein sequences are shown
in FIGS. 4A and 4B.

In order to determine the correct sequence of the K4 cap-
sule biosynthetic genes, E. coli serotype K4 strain U1-41 was
obtained from the Statens Serum Institut (Copenhagen, Den-
mark). U1-41 is the progenitor of the ATCC 23502 strain and
was used to produce the polysaccharide preparation used for
structural determination of the K4 polysaccharide (Rodriguez
et al., 1988). The sequence of approximately 23 kb of DNA
spanning regions 1, 2 and 3 of the K4 capsule gene cluster in
E. coli Ul-41 was determined. This sequence (SEQ ID
NO:117) consists 0f 23,230 base pairs spanning a region from
125 bp upstream of the ATG translational start codon of the
kpsF gene of region 1 to 110 bp upstream of the ATG trans-
lational start codon of the kpsM gene of region 3.

For sequence determination, genomic DNA was prepared
from a fresh overnight culture of £. coli Ul-41 using the
Qiagen Genomic DNA Kit (Qiagen Inc., Valencia, Calif.)
according to the vendor protocol. Aliquots of genomic DNA,
sheared by passage (five times) through a 20 gauge needle
was used as template in PCR reactions to produce a series of
11 overlapping PCR products ranging in size from 2.1 kB to
2.8 kB. These PCR reactions, termed here Reactions 1
through 11, employed the following oligonucleotide primers:
Reaction 1; (DHDO089 and DHD090), Reaction 2; (DHD091
and DHD092), Reaction 3; (DHD093 and DHD175), Reac-
tion 4; (DHD120 and DHD096), Reaction 5; (DHD097 and
DHDO098), Reaction 6; (DHD099 and DHD100), Reaction 7;
(DHD101 and DHDI102), Reaction 8; (DHDI103 and
DHD104), Reaction 9; (DHD105 and DHD106), Reaction
10; (DHD162 and DHD108), Reaction 11; (DHD169 and
DHD110). Sequences of these primers are shown below.
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(SEQ ID NO: 118)
DHD089 5 > GCACCTCCATGAGACATTGC > 3

(SEQ ID NO: 119)
DHD090 5 > CCACTGCCATACGGTTTAGC > 3

(SEQ ID NO: 120)
DHD091 5 > GCTTGCCTTTGCAGAAACGG > 3

(SEQ ID NO: 121)
DHD092 5 > CCAACAATATCGAGCAGTGG > 3

(SEQ ID NO: 122)
DHD093 5 > GTCATTCGTCAGAACGGTGC > 3

(SEQ ID NO: 123)
DHD175 5 > CCAGTGCCTGATAATCAGC > 3

(SEQ ID NO: 124)
DHD120 5 > GGCTTAACGCTGTGGAAGTC > 3

(SEQ ID NO: 125)
DHD096 5 > ATATTGGGATTCCTGGTCGC > 3

(SEQ ID NO: 126)
DHD097 5 > ACGACATCAAAGGCTTGACG > 3

(SEQ ID NO: 127)
DHD098 5 > ATAGCCCTGAAGCTGAAGCC > 3

(SEQ ID NO: 128)
DHD099 5 > CGAGTGATTGCTTGGTATCC > 3

(SEQ ID NO: 129)
DHD100 5 > AAACGATTGAGCGGGTTAGC > 3

(SEQ ID NO: 130)
DHD101 5 > AGAGTGGTTCAATCCTCTGG > 3

(SEQ ID NO: 131)
DHD102 5 > TGTCTTGGCTAATGCTGACG > 3

(SEQ ID NO: 132)
DHD103 5 > CGAGTAGTTATCTGGCTCTG > 3

(SEQ ID NO: 133)
DHD104 5 > GTCAGTTAGACTCTGATGAC > 3

(SEQ ID NO: 134)
DHD105 5 > CTTGAACGGTCCAACTTCAC > 3

(SEQ ID NO: 135)
DHD106 5 > AGTTCAGGAGCTTGAATGCG > 3

(SEQ ID NO: 136)
DHD162 5 > TTCGCACGCATTTATAGCCG > 3

(SEQ ID NO: 137)
DHD108 5 > TCATCTTGCGAGAGCATTCG > 3

(SEQ ID NO: 138)
DHD169 5 > CTTCCGCTAAATCCATTACG > 3

(SEQ ID NO: 139)

DHD110 5 > AGATCTATTTATCCCTGCGG > 3

PCR Reactions 1, 2, 3,7, 8,9, 10 and 11 were performed
using PfuUltra II polymerase (STRATAGENE, Lalolla,
Calif.) according to the vendor protocols. In each 100 pl.
reaction, Pfu reaction buffer (supplied by the vendor) was
added to a final concentration of 1x, primers were added to a
final concentration of 0.4 uM each, dNTPs were added at a
final concentration of 250 uM each and 100 ng of Ul-41
genomic DNA was added as template. PCR reactions were
performed in a Perkin-Elmer GeneAmp 2400 thermocyler
using the following cycling parameters: 1 cycle of 2 minutes
at95° C.; 35 cycles of 20 seconds at 95° C., 20 seconds at 55°
C., and 40 seconds at 72° C.; 1 cycle of 3 minutes at 72° C.;
and a hold at 4° C. PCR Reactions 4, 5 and 6 were performed

10

15

20

25

30

35

40

45

50

55

60

65

32

as above with the following exceptions. In the case of Reac-
tions 5 and 6, the primers were added to a final concentration
01'0.5 uM each and the annealing step was at 60° C. instead of
55°C. Inthe case of Reaction 4, primers were added to a final
concentration of 0.5 pM each and PCR reactions were per-
formed in a RoboCycler® Gradient 96 thermocycler
(STRATAGENE, Lalolla, Calif.) using the following cycling
parameters: 1 cycle of 1 minute at 95° C.; 35 cycles of 30
seconds at 95° C., 30 seconds at 52° C., and 1 minute at 72°
C.; 1 cycle of 5 minutes at 72° C.; and a hold at 6° C.

The products of PCR Reactions 1, 2, 3,7, 8,9, 10 and 11
were purified using the Qiagen QIAquick PCR Purification
Kit (QIAGEN, Valencia, Calif.) according to the vendor pro-
tocol, recovered in 100 uL of EB elution buffer, and then used
as templates for sequencing reactions. Products of PCR Reac-
tions 4, 5 and 6 were purified using the Qiagen QIAquick
PCR Purification Kit (QIAGEN, Valencia, Calif.) according
to the vendor protocol and then further purified by preparative
agarose gel electrophoresis. Fragments were excised from the
gels and eluted from the gel slices using the QlAquick Gel
Extraction Kit (QIAGEN Inc., Valencia, Calif.) according to
the vendor protocol and recovered in 100 pl. of EB elution
buffer. The gel-purified fragments served as templates for
sequencing reactions. The purified PCR products of reactions
1-11 were sent to a commercial vendor (Cornell University
Life Sciences Core Laboratories Center, Cornell University,
Ithaca, N.Y.) for DNA sequence determination. The
sequences obtained from these 11 overlapping PCR products
spanned the region 2 sequence as determined by Ninomiya et
al. (2002) and included all of the region 1 and region 3 genes
as well.

The sequence of the K4 capsule gene cluster from U1-41
demonstrates the presence of kpsF, kpsE, kpsD, kpsU, kpsC
and kpsS genes in region 1 as is typical for group 2 capsule
gene clusters in E. coli. The predicted amino acid sequences
ot U1-41 KpsF, KpsE, KpsD, KpsU, KpsC and KpsS proteins
are homologous to the sequences of these proteins encoded
by other E. coli group 2 capsule producers. They all show
>95% identity to the consensus sequences for these proteins
and to the E. coli Nissle 1917 (serotype K5) KpsF, KpsE,
KpsD, KpsU, KpsC and KpsS sequences (Grozdanov et al., J.
Bacteriol. 2004; 186:5432-41). The sequence also reveals the
presence of kpsM and kpsT genes in region 3 as is typical for
group 2 capsule gene clusters in E. coli. The predicted amino
acid sequences of Ul-41 KpsM and KpsT proteins are
homologous to the sequences of these proteins encoded by
other E. coli group 2 capsule producers. They all show >90%
identity to the consensus sequences for these proteins and to
the E. coli Nissle 1917 (serotype K5) KpsM and KpsT
sequences.

The U1-41 DNA sequence includes an approximately 13.5
kb region 2 segment that can be aligned to the Ninomiya et al.
region 2 sequence and to the sequence determined by the
present inventors for region 2 of ATCC 23502. The U1-41
sequence and the sequence determined by the present inven-
tors for region 2 of ATCC 23502 are identical over this span.
Nine open reading frames (ORFs) predicted to be expressed
as polypeptides are present in the identified region 2, exclu-
sive of the IS2 sequence. These nine include the two ORFs,
detailed above, that were not previously identified. The genes
encoding these ORFs were initially termed here orf1 and orf3
and are now proposed to be designated as kfoH and kfol,
respectively. FIG. 5 shows the arrangement of the K4 capsule
gene cluster as determined by the present inventors from the
DNA sequences of ATCC 23502 and U1-41. Orf2 mentioned
above was not found to exist as a separate open reading frame
in the sequence of region 2 as determined by the present
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inventors. In the sequence as determined by the present inven-
tors, the sequences comprising orf2 are a portion of the cod-
ing sequence of kfoG. Frameshifts within the sequence pub-
lished by Ninomiya et al. split the kfoG sequence into two
smaller open reading frames; the kfoG gene as annotated by
Ninomiya et al. and the orf2 sequence as annotated by the
present inventors. Thus, orf2 was an artifact of the erroneous
sequence published by Ninomiya et al.

Exclusive of the IS2 sequence, the gene cluster contains 17
open reading frames that are predicted to encode proteins.
The arrangement of these genes is typical for an . coli group
2 capsule gene cluster (Whitfield 2006). Region 1, compris-
ing conserved genes kpsFEDUCS, and region 3, comprising
conserved genes kpsMT, flank the 9 open reading frames (and
1S2) of region 2. Region 1 and region 3 genes include proteins
that are required for synthesis and translocation of all group 2
capsules in E. coli. Region 1 also includes two genes (kpsF
and kpsU) that encode enzymes that are predicted to catalyze
steps in the biosynthesis of CMP-Kdo. As noted above, a role
of CMP-Kdo inbiosynthesis of group 2 capsules in £. coli has
been proposed, but has not been demonstrated experimen-
tally. In group 2 capsule gene clusters, region 2 genes typi-
cally include those that encode serotype-specific proteins that
determine the structure of the capsular polysaccharide. Of the
nine genes identified in region 2, three encode proteins with
clearly defined activities relating to capsule biosynthesis:
kfoC (chondroitin synthase, i.e., the polymerase), kfoA (UD-
PGlcNAc epimerase, converts UDPGIlcNAc to the UDPGal-
NAc precursor) and kfoF (UDPGlec-dehydrogenase, converts
UDPGlc to the UDPGIcUA precursor).

Functions remain unknown for other genes present in
region 2 of the K4 capsule gene cluster: kfoB, kfoG, kfoD,
kfoE, kfoH and kfol. The kfoB encodes a protein that is
homologous to proteins encoded by genes present in capsule
clusters of bacteria known to produce other glycosaminogly-
can (GAG) capsules, P. multocida serotypes A, Fand D and E.
coli serotype K5. Similarly the KfoG protein also has homol-
ogy to proteins encoded by genes present in the capsule
clusters of P. multocida serotypes A, F and D. This circum-
stantial evidence suggests that kfoB and kfoG can play a role
in the biosynthesis of the GAG-containing K4 capsule.

In contrast to KfoB and KfoG, prior to this invention, no
such evidence implicated kfoD, kfoE, kfoH and kfol as being
involved in GAG biosynthesis. As noted above and described
in Examples 6 and 7, the present inventors show herein that
one or more of these genes (i.e. genes kfoD, kfoE, kfoH and
kfol) is essential for fructosylation of the chondroitin back-
bone ofthe K4 capsular polysaccharide, but that none of these
genes are required for production of the chondroitin back-
bone.

The insertion element IS2 is present between genes kfoC
and kfoD in U1-41 as well as in ATCC 23502. Insertion of IS2
in the observed orientation has been reported to activate
expression of downstream genes due to transcription that
originates within IS2 (Glansdorf et al., Cold Spring Harbor
Symp. Quant. Biol., 1981; 45:153-156). Thus, without wish-
ing to be bound by theory, it is proposed that the presence of
182 could modulate expression of downstream genes kfoD,
kfol, kfoE, kfoH, kfoF and kfoG, but is not predicted to
prevent expression of these genes.

Example 2

Synthesis of Codon-Optimized E. coli K4 Capsule
Biosynthetic Genes

The sequence of the Ul-41 K4 capsule gene cluster as
determined by the present inventors was used as the basis for
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the design of synthetic genes to be used for expression in
alternative hosts. Synthetic constructs were designed to allow
the expression of one or more synthetic operons containing
the K4 capsule biosynthetic genes and were optimized for
codon usage based on a consensus preferred codon table that
employs codons that are acceptable for expression in E. coli,
X. campestris, S. elodea and B. subtilis. Table 3A gives codon
usagetables for E. coli, X. campestris and B. subtilis genomes
as well as for E. coli K4 region 2 genes related to K4P capsule
biosynthesis, and 53 S. elodea genes including those related
to gellan biosynthesis. This table illustrates the striking use of
unfavorable codons in the K4 region 2 biosynthetic genes.
These codons are not only extremely unfavorable for X.
campestris or S. elodea expression but are also unfavorable
for expression in E. coli. For optimal expression in E. coli, it
would be expected that significant codon optimization would
be necessary. Based on comparison of these codon usage
tables, a consensus preferred codon usage table was designed,
shown in Table 3B for the synthetic chondroitin biosynthetic
genes. This codon usage pattern is expected to provide effi-
cient translation in a wide variety of potential alternative
hosts.

TABLE 3A
CODON USAGE
B. X S. E. coli E.coli
Amino subtilis  campestris  elodea K-12 K4
acid codon  genome genome 53 CDSs genome kfoA-G
arg cgg 16 15 22 10 5
cga 10 3 4 6 16
cgt 18 15 9 38 22
cge 21 66 63 40 9
agg 10 2 2 2 12
aga 26 1 <1 4 36
ser teg 10 29 39 15 7
tea 24 3 2 12 25
tet 20 3 2 15 25
tee 13 18 18 15 8
agt 11 7 5 15 23
age 23 40 34 28 11
leu ctg 24 65 55 50 7
cta 5 2 2 4 12
ctt 24 4 7 10 19
cte 1 13 30 10 4
ttg 16 16 5 10 16
tta 20 1 1 13 42
gly ggg 16 12 16 15 19
gga 31 4 5 11 34
ggt 18 13 9 34 36
gge 34 71 70 30 11
val stg 26 66 47 37 8
gta 20 4 5 15 29
gtt 28 5 6 26 53
gtc 26 25 42 22 10
ala geg 26 38 46 36 11
gea 28 13 8 21 42
get 25 5 4 16 34
gee 21 44 43 27 13
thr acg 27 26 34 27 15
aca 41 5 3 13 47
act 16 5 3 17 27
acc 16 63 60 44 11
pro ccg 43 62 59 52 9
cca 19 9 3 19 33
cct 29 6 4 16 37
cce 9 23 34 12 13
ile ata 13 1 2 7 45
att 50 16 8 51 45
atc 37 83 90 42 10
glu gag 32 51 65 31 23
gaa 68 49 35 69 71
asp gat 64 37 35 63 83
gac 36 63 65 37 17
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TABLE 3A-continued

36
TABLE 3B-continued

CODON USAGE CONSENSUS CODON USAGE
B. X S. E.coli E.coli Amino Design Synthetic Synthetic
Amino subtilis  campestris  elodea K-12 K4 acid codon table, %" genes, %! genes, #°
acid codon  genome genome 53 CDSs genome kfoA-G
thr acg 35 39 126
lys aag 30 84 90 23 21 aca 0 0 0
aaa 70 16 10 77 79 act 0 0 0
asn aat 57 28 28 45 78 acc 65 61 200
aac 43 72 72 55 22 10 pro ccg 70 70 194
cys tgt 45 14 8 45 65 cca 0 0 0
tge 55 86 92 55 35 cet 0 0 0
tyr tat 65 32 61 57 80 cee 30 30 84
tac 35 68 39 43 20 ile ata 0 <0.2 1
phe ttt 68 21 11 57 79 att 30 31 163
tte 32 79 89 43 2 g atc 70 69 365
gln cag 49 83 91 65 26 glu gag 40 37 154
caa 51 17 9 35 74 gaa 60 63 259
his cat 67 39 48 57 84 asp gat 50 50 186
cac 33 61 52 43 16 gac 50 50 184
met atg 100 100 100 100 100 lys aag 50 53 240
trp tgg 100 100 100 100 100 asa 50 47 217
20 asn aat 40 41 162
aac 60 59 231
Values shown reflect the occurrence as a percentage, for ¥s Egtc ;8 é? ;g
each codon, of the total codons that specify the given amino tyr ti 40 42 131
acid that the codon encodes. Codon usages were calculated tac 60 58 184
from the genome of B. subtilis strain 168, X. campestris pv. > phe ?C 22 ;8 }g;
campestris ATCC33913, E. coli K-12 W3110 and Sphin- gln cag 75 67 171
gomonas elodea 53 CDSs containing 20,972 codons. caa 25 33 84
) ) his cat 50 42 62
The codon usage shown below in Table 3B is the consensus cac 50 58 86
codon usage table used in the design of the synthetic genes 30 met atg 100 100 147
and the final codon usage of the synthetic gene set as con- up teg 100 100 83
structed below. The actual usage in the synthetic genes Walues are % of total codons for that amino acid
reflects design considerations such as DNA and mRNA sec- ?Values are total numbers of codons in synthetic gene set as synthesized
ondary structure, inclusion and exclusion of restriction sites, s A synthetic gene set was constructed as three segments,
and overall GC content. kpsFEDUCS (the “FS segment™), kpsMTkfoABCFG (the
“MG segment”) and kfoDIEH (the “DH segment”). FIG. 6
TABLE 3B diagrammatically presents the structure of these three syn-
CONSENSUS CODON USAGE thetlc. segments. Unique restriction sites, shown in FIG. 6
were incorporated at strategic locations to allow assembly of
Amino Design Synthetic Synthetic 40 the synthetic fragments into one or more operons which can
acid codon table, %’ genes, %! genes, #> be inserted into plasmid expression vectors. The initial strat-
egy was to assemble the genes as a single operon for expres-
e oo 13 13 Sé sion experiments. Other restriction sites also were strategi-
cgt 25 26 88 cally located throughout the synthetic sequences in positions
ogo 60 59 200 45 that allow construction of non-polar deletions for any given
agg 0 0 0 gene(s). This can facilitate genetic analysis of the functions of
aga 0 0 0 the proteins encoded by the K4 capsule cluster as well as other
ser tcg 3 8 2g 5 14? modifications of the plasmid sequences. A consensus strong
- o oa 5 ribosome binding site (AGGAGGttaataaATG, SEQ 1D
tee 25 26 132 50 NO:46) was employed for most of the synthetic genes; all
agt 0 0 0 except for kpsC, kpsT, kfoE, and kfoH. In the E. coli K4
age 45 45 225 U1-41 sequence, the translational start sites of these genes are
leu ctg 78 gg 5 485 coupled to the translational stops of the genes immediately
zgl 0 <02 1 upstream and as a result the ribosome binding sites overlap
cte 15 17 125 55 coding sequences of those upstream genes.
ttg 15 16 117 The synthetic sequences comprising FS, MG and DH seg-
tta 0 <0.2 1 ments as defined above were synthesized as three separate
gly 8gg 20 17 61 fragments by a commercial vendor, DNA2.0 (Menlo Park,
oy 38 32 112 Calif.). The nucleotide sequences of the three synthetic seg-
ggc 50 50 176 6 ments are listed as: FS segment (SEQ ID NO:47), MG seg-
val otg 65 60 245 ment (SEQ ID NO:48) and DH segment (SEQ ID NO:49).
gta 0 <0.3 1
git 0 0 0 Example 3
gte 35 40 162
ala :zf gg 32 ifg Construction of Alternative Host Strains
get 0 0 0 65
geo 40 36 161 The initial alternate hosts chosen for expression of the K4

biosynthetic genes included E. coli K-12 (“K-12”), E. coli. B
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(“EcB”), Sphingomonas elodea (“Sph”), and Xanthomonas
campestris pv. campestris (“Xcc”). K-12 strains W3110 and
MG 1655 were obtained from the Coli Genetic Stock Center,
Yale University. Sph strain ATCC 31461 was obtained from
ATCC. Xcc strain NRRL B-1459 (ATCC 13951) was
obtained from the ARS Culture Collection (NCUAR), Peoria,
1. E. coli B (ATCC 11303) was obtained from ATCC.

In general, the alternate hosts were prepared for introduc-
tion of the K4 genes in two ways. It can be advantageous to be
able to deliver genes/plasmids to certain alternate hosts by
conjugal transfer from laboratory cloning strains of £. coli in
tri-parental crosses with E. coli containing the mobilizing
plasmid pRK2013. To select for transconjugants of the alter-
nate hosts among the conjugal milieu, antibiotic-resistant
derivatives (typically streptomycin resistance) of the alter-
nate hosts are required. Alternatively, E. coli strain S17-1
(Simon et al., BioTechnology 1983; 1:784-791) can be used.
This strain has a chromosomally integrated form of plasmid
RP4 and will directly mobilize appropriate plasmids to new
hosts. This strain is streptomycin resistant, however, so strep-
tomycin cannot be used to select against this strain among the
exconjugants.

Generation of the gene or gene cluster deletions in Sph,
Xcc, and K-12 was carried out using a two-step, “pop-in/pop-
out” homology-driven method (See FIG. 7A). In the first step,
a plasmid containing a cloned version of the desired deletion
structure (homologous regions flanking the deletion) was
integrated into the chromosome (popped-in) by recombina-
tion in one of the flanking regions (and selection for a marker
on the vector) creating duplications of the homologous flank-
ing regions. In the second step, recombination occurred in the
opposite flanking region removing (popping-out; “resolv-
ing”) the cloning vector (plus marker) and the targeted chro-
mosomal region, but leaving the designed deletion. Such
strains were obtained by multi-generational growth in the
absence of marker selection, followed by screening for loss of
the marker and the desired phenotype (determined by colony
morphology and/or PCR). For Gram-negative organisms
other than E. coli, the desired deletion is typically built in a
“suicide” vector that can be conjugally transferred to, but
cannot replicate in, the target (non-£. coli) host strain. For our
purposes, we created a “suicide” vector by modifying
pCM184 (see FIG. 7B; Marx and Lidstrom, BioTechniques
2002;33(5):1062-1067). The kanamycin-resistance gene and
flanking loxP sites were removed by digestion with Notl and
Sacll, polishing of the ends with T4 DNA polymerase and
ligation. The resulting plasmid, pCX027 (SEQ ID NO:141),
as shown in FIG. 7B, contained tetracycline-resistance for
selection of integrants (in Sph or Xcc) plus a large multi-
cloning site. For creating deletions in E. coli, plasmid
pMAK?705 (Hamilton et al., J. Bacteriol. 1989;171 (9):4617-
4622) was used. This plasmid contained a temperature-sen-
sitive pSC101 replicon so that production of the first step
integration and loss of plasmid sequences in the second
(“resolution”) step were facilitated at high temperature. The
gene structure of “extracellular polysaccharide (EPS) minus”
mutants was confirmed by PCR and Southern blot analysis.

The approach to creating deletion constructs was the same
for all targets described above. Upstream and downstream
regions of homology were derived by PCR using the appro-
priate genomic DNA as templates. Restriction sites were
designed into the PCR primers such that the resulting DNA
fragments could be cloned into the desired plasmid, or, as for
the Xcc gumD gene described below, restriction sites occur-
ring naturally in the genome were used. The deletions (and the
restriction sites used for cloning) were designed such that
in-frame fusions were created between short regions of the
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N-terminal and C-terminal coding regions of the target
gene(s). In effect, the targeted coding regions were replaced
with a restriction enzyme recognition sequence. The engi-
neered restriction site sequences between the upstream and
downstream fragments added 2-3 non-native codons to the
fused coding regions. This procedure yielded well-defined
mutations with the expectation of little/no polar effects on the
expression of downstream genes.

E. coliK-12

Colanic acid (M antigen) is an extracellular polysaccharide
produced by many enteric bacteria (Grant, W. D., et al., J
Bacteriol. 1969; 100:1187-1193), and greater production is
typically found at lower growth temperatures (Stout, V., J.
Bacteriol. 1996; 178:4273-4280). The creation of E. coli
K-12 strains defective in the colanic acid biosynthesis is
described in this Example. Such strains do not produce inter-
fering or contaminating colanic acid when they are further
engineered for the production of recombinant chondroitin
which can be carried out at 30° C. or lower. Plasmid
pMAK?705 (Hamilton, C. M., et al., J. Bacteriol. 1989; 171:
4617-4622) was used to create precise deletions in the chro-
mosomal colanic acid biosynthetic gene cluster. This plasmid
contains a temperature sensitive replicon and cannot exist in
an extra-chromosomal state at higher temperatures. In gen-
eral, the steps for creating precise mutations at a target locus
result from a “pop-in/pop-out” mechanism and are described
by Hamilton et al. (supra.). Plasmid clones containing the
designed mutations are driven into the chromosome (“pop-
in”), typically via homologous recombination at the target
locus, by growth of transformants at the non-permissive tem-
perature and selection for plasmid-encoded antibiotic
(chloramphenicol; Cm) resistance. Subsequent multi-genera-
tional growth of these integrants in the absence of chloram-
phenicol results in a sub-population of cells in which the
plasmid has recombined out of the chromosome and been lost
from the cell during cell division leaving behind either the
original wild type structure or the mutant structure. These
“pop-outs” are identified by Cm sensitivity. A strain with the
desired mutant structure is then identified by phenotype (if
possible) and by PCR or Southern blotting.

The colanic acid biosynthetic operon in £. co/i K-12 con-
sists of 19 or 20 contiguous genes covering about 24 kb
(Stevenson, G., et al., J. Bacteriol. 1996; 178:4885-4893).
The twentieth gene, wcaM, appears to be part of the operon/
transcription unit but is not required for colanic acid produc-
tion. Contained therein is the wcal gene encoding the glyco-
syltransferase enzyme responsible for loading of the first
sugar onto a lipid carrier during colanic acid biosynthesis.
This Example describes the creation of . coli K-12 strains
containing deletions of either the entire 20-gene operon or
just the weal gene. The sequence of the genome of E. coli
K-12 strain W3110 is published as GenBank AP009048
(Blattner, F. R., et al., Science 1997; 277:1453-1462).

Deletion of the Colanic Acid Operon:

PCR primers were designed to amplify approximately 950
bp upstream ofthe first gene (wza) and downstream ofthe last
gene (wcaM) of the W3110 colanic acid operon. These frag-
ments provided homology to the desired recombination sites
in the chromosome. The PCR primers were designed to result
in non-native restriction sites at the ends of the amplified PCR
products to be used in subsequent cloning. The upstream
region was amplified with primers CAX129 (HindIII site
underlined) and CAX128 (Ascl site underlined). The down-
stream region was amplified with primers CAX130 (Ascl site
underlined) and CAX131 (Xbal site underlined).
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(SEQ ID NO: 50)

CAX128 GGCGCGCCAGCGTCCTGCTGTTTGATGACG

(SEQ ID NO: 51)
CAX129 AAGCTTGCCAGGAGATTGACGCCAGC

(SEQ ID NO: 52)
CAX130 GGCGCGCCGGAATCCTCAGTTGGACCCGC

(SEQ ID NO: 53)

CAX131 TCTAGAACTTTACCCTCACGGTCCAGCG

PCR was performed with Pfu polymerase (Stratagene) for
30 cycles of denaturation at 95° C., annealing at 57° C. and
extension at 72° C. (20 sec. each step). The template consisted
of 100 ng of . coli K-12 W3110 genomic DNA. The PCR
fragments were cloned into pCR-Blunt [I-TOPO (Invitrogen)
and transformed into E. coli TOP10 (Invitrogen), and the
sequences of selected cloned inserts were confirmed to match
published data. An upstream clone was digested with HindIII
plus Ascl, and a downstream clone was digested with Xbal
plus Ascl. The desired fragments were gel-purified (Gene
Clean Turbo, Q-BIOgene) and ligated with pMAK?705 that
had been digested with HindIII plus Xbal followed by treat-
ment with Antarctic phosphatase (New England Biolabs).
Cme-resistant (LB Cm 34 ng/ml., 30° C.) transformants of E.
coli DH5a. (Invitrogen) were analyzed for plasmid structure,
and one with the desired structure was named pMAK-CL. In
this plasmid (and the chromosomal deletion ultimately
derived from it), the union of the upstream and downstream
fragments at the Ascl site resulted in a small 345 bp open
reading frame consisting of the 5' end of the wza gene and the
3'end of the wcaM gene. This feature was designed to mini-
mize disruption of potential expression from the colanic acid
operon promoter of any genes farther downstream of wcaM.

Plasmid pMAK-CL was transformed into E. coli W3110
by electroporation with selection for Cm resistance by plating
on LB (Maniatis, 1989) agar plates containing Cm at 17
ng/mlL at 30° C. (permissive temperature). Several transform
colonies were streaked to M9 (Maniatis, 1989) Cm 17 ng/mL
agar plates and incubated at 43° C. (non-permissive tempera-
ture). After two days, multiple colonies (presumptive inte-
grants) were present, and these were re-streaked to M9 Cm at
43° C. for confirmation. Two presumptive integrants were
grown for about 25 generations in LB medium at 37° C., and
dilutions were prepared and spread to LB plates for growth at
room temperature (22-24° C.). After three days, colonies
were transferred to two LB agar plates, one containing Cm 17
ng/ml., for growth at 30° C. Cm-sensitive isolates were
present at frequencies of 62% and 94% among derivatives of
the two original integrants. These presumably resulted from
“pop-out” and loss of the pMAK-CL plasmid. “Colony PCR”
was used to evaluate the structure at the colanic acid operon in
these strains. A small amount of a colony was suspended in 10
uL of sterile de-ionized water in a tube compatible with PCR.
To this was added 20 plL. of a 1.5-fold concentrated mix of
“Taq Master” (Eppendorf) components such that the final
concentrations/amounts in the reaction were: 1x Taq poly-
merase buffer, 1x “Taq Master” reagent, 0.33 mM each dNTP,
0.4 uM each primer, and 0.5 units Taq polymerase. PCR was
started with 8 minutes at 95° C., continued with 35 cycles of
denaturation at 95° C. for 30 sec., annealing at 55° C. for 30
sec., and extension at 68° C. for 3 min., and finished with
extension at 68° C. for 7 min. Initial characterization was
carried out with a forward primer (CAX132) in the upstream
homologous region and a reverse primer (CAX135) in the
downstream homologous region.
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(SEQ ID NO: 54)
CAX132 CCGAATTGTTATCTTGCCTGC
(SEQ ID NO: 55)

CAX135 GGTAGCATCTCTTTGGGTATCG

PCR of strains containing the desired operon deletion were
expected to produce a 1000 bp fragment, and this was found
in 9 of 23 “pop-out” strains analyzed. To ensure that undes-
ired rearrangements had not occurred in these strains, “colony
PCR” with primers outside of the regions of homology were
used: CAX162 (forward) and CAX163 (reverse).

(SEQ ID NO: 56)
CAX162 GAACAGCGGTTGAGTCAGGG
(SEQ ID NO: 57)

CAX163 GGCAGAAAGCACATAGCGACC

These outside primers gave a PCR product of 2065 bp in
deletions of the desired structure, and 4 of the 9 strains pro-
duced this PCR product; one of these was designated
MSC188. Further confirmation of the structure of the deletion
in strain MSC188 was achieved by Southern blotting. A
“DIG”-labeled probe (Roche) was generated with primers
CAX128 and CAX129 (1000 bp) using pMAK-CL as tem-
plate. Chromosomal DNA from wild type E. col/i W3110 and
MSC188 was digested with restriction enzymes Kpnl, Pstl
and BgllL, and the digests were subjected to gel electrophore-
sis and blotting. Probing revealed the expected band patterns
in MSC188 and W3110, respectively: Kpnl, 5921 bp vs. 9431
bp; Pstl, 3902 bp vs. 12893 bp, and Bglll, 9361 bp vs. 6201
bp.

Deletion of wcal:

The strategy for deletion of the wlal gene in F. coli K-12
W3110 followed that described above for deletion of the
entire colanic acid biosynthetic operon. PCR primers were
designed to amplify approximately 500 bp upstream and
downstream of the wcal gene of the W3110 colanic acid
operon. The upstream region was amplified with primers
CAX126 (HindIlI site underlined) and CAX125 (Pacl site
underlined). The downstream region was amplified with
primers CAX124 (Pacl site underlined) and CAX127 (Xbal
site underlined).

CAX124
(SEQ ID NO: 58)
TTAATTAACAAAGGTTTCGTTAACAAAGCGG
CAX125
(SEQ ID NO: 59)
TTAATTAAATTGGTTTTCGCTCGCTCGC
CAX126
(SEQ ID NO: 60)
AAGCTTGGAAGACGCCATCTATGGTGG
CAX127
(SEQ ID NO: 61)

TCTAGAGAAGCCCGCCAGCACCGC

Restriction fragments of the upstream and downstream
PCR products were cloned into pMAK705 to yield pMAK-
weca. In this plasmid and the chromosomal deletion ultimately
derived from it, the union of the upstream and downstream
fragments at the Pacl site resulted in a small 75 bp open
reading frame consisting of the 5' and 3' ends of the wcal
gene. This feature was designed to allow un-interrupted
expression of all other operon genes in the event that they
benefit production of chondroitin. Initial characterization of
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presumptive wcal deletion derivatives of E. coli W3110 by
colony PCR was carried out with primers CAX126 and
CAX127, and 11 of 23 prospective “pop-outs” gave the
desired signal. Outside primers CAX160 (forward) and
CAX161 (reverse) were used to identify presumptive weal
deletions, and 3 of 4 strains tested contained the expected
product (1188 bp). One strain with the desired DNA structure
was designated MSC175.

CAX160

(SEQ ID NO: 62)
CCGTTGATGTGGTGACTGCC
CAX161

(SEQ ID NO: 63)
AAACAGCAGCGTTCTCACCG

For Southern blot confirmation, the “DIG”-labeled probe
was generated with primers CAX124 and CAX127 (514 bp)
using pMAK-wca as template. Chromosomal DNA from
wild type E. coli W3110 and MSC175 was digested with
restriction enzymes Pacl, Dralll and Ndel, and the digests
were subjected to gel electrophoresis and blotting. Probing
revealed the expected band patterns in MSC175 and W3110,
respectively: Pacl, 8456 bp vs. >28000 bp; Dralll, 4502 bp vs.
5819 bp, and Ndel, 8512 bp vs. 9829 bp.

Xanthomonas campestris

Xanthomonas campestris pv. campestris (Xcc) is used
commercially to produce the extracellular carbohydrate poly-
mer xanthan gum for a variety of industrial and food appli-
cations (Baird, I., et al., BioTechnology 1983; 1:778-783). In
order to employ this strain and process for production of
chondroitin, Xcc strains unable to biosynthesize xanthan gum
are required. A strategy similar to that used (above) for E. coli
was used to delete the entire xanthan gum biosynthetic operon
or just the gene for the first glycosyltransferase, gumD, in
Xanthomonas campestris pv. campestris strain ATCC 13951,
also known as NRRL B-1459 (Capage, M. R. et al., World
Patent WO87/05938; Katzen, F., et al., J. Bacteriol. 1998;
180(7):1607-1617). First, a spontaneously-arising derivative
resistant to 100 pg/mlL. streptomycin sulfate in nutrient agar at
30° C. was obtained and named MSC116. PCR primers were
designed against the sequence of the xanthan gum biosyn-
thetic cluster of strain NRRL B-1459 (GenBank accession
#U22511) and, where necessary, to the genomic sequence for
X. campestris pv. campestris ATCC33913 (GenBank acces-
sion AE008922).

Deletion of gumD:

The strategy for deletion of the gumD gene takes advantage
of naturally occurring EcoRI restriction sites approximately
1650 bp upstream (5') and 1000 bp downstream (3') of the
coding region. PCR primers were designed outside of these
restriction sites, and these were paired with PCR primers
targeting regions just inside of the gumD coding sequence to
generate upstream and downstream regions of homology. To
amplify approximately 1800 bp of upstream homology, prim-
ers CAX114 and CAX116 were used. To amplify approxi-
mately 1100 bp of downstream homology, primers CAX115
and CAX117 were used. The two middle primers in the ends
of the gumD coding region were amended with Sbil restric-
tion sites (underlined below).

CAX114
(SEQ ID NO:
CCTGCAGGGTCGAACACTCGCAAGACCAGG

64)
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-continued

CAX115

(SEQ ID NO: 65)
CCTGCAGGTATCCGCATCATCGTGCTGACG
CAX116

(SEQ ID NO: 66)
CCTTGGTGATGGTGTGGCG
CAX117

(SEQ ID NO: 67)
GCCCATCCACGACTCGAACG

PCR was performed with Pfu Ultra II polymerase (Strat-
agene) for 30 cycles of denaturation at 95° C. (20 sec.),
annealing at 62° C. (20 sec.) and extension at 72° C. (30 sec.).
Template consisted of 100 ng of X. campestris pv. campestris
(strain ATCC13951; “Xcc”) genomic DNA. The PCR frag-
ments were cloned into pCR-Blunt II-TOPO (Invitrogen) and
transformed into E. coli TOP10 (Invitrogen). The relevant
sequence of an upstream homology clone matched the
sequence of the PCR product, but this shared sequence differs
by two base pairs from the published Xcc sequence for this
region (primers excluded). It is likely that the published
sequence contains a small number of incorrect assignments.
The relevant sequence of a downstream homology clone
matched the sequence of its PCR product and that of the
published Xcc sequence for this region (primers excluded).

The strategy for creating specific gene deletions using a
“pop-in/pop-out” mechanism in Xanthomonas was based on
a derivative of plasmid pCM 184 (Marx, C. J., and Lidstrom,
M. E., BioTechniques 33(5):1062-1067, 2002). Plasmid
pCM84 consisted of a ColE1 replicon, which permits repli-
cation of the plasmid in E. coli but not in Xanthomonas (or
other non-enteric bacteria), an oriT region for conjugal trans-
fer among Gram negative bacteria, resistance genes for ampi-
cillin and tetracycline, plus a resistance gene for kanamycin
(Kan") flanked by loxP sequences. This plasmid was designed
to create unmarked (no remaining antibiotic resistance gene)
deletions in non-E. coli strains, but the described procedure
left the small loxP sequence at the site of the deletion. How-
ever, it was desirable for the strains created in the present
invention to contain no unnecessary sequences such as loxP.
Therefore, pCM 184 was modified to remove the loxP sites
and the intervening kanamycin resistance gene. This allowed
for use of the resulting derivative plasmid for creation of
desired unmarked deletions in Xanthomonas by a variation on
the “pop-in/pop-out” mechanism described above.

About 1.8 ug of plasmid pCM 184 was digested with Notl
plus Sacll restriction enzymes (chosen to remove the loxP/
Kan'/loxP region but leave most restriction sites for future
use), and the completed reaction was heated to 75° C. for 15
min. to inactivate the enzymes. The sample (20 pul.) was then
treated with T4 DNA polymerase (1.8 U, New England
Biolabs) plus 100 uM each dNTP for 15 min. at 12° C. to
fill-in the single strand overhang from Notl digestion and to
trim back the overhang from SacllI digestion (i.e., create blunt
ends). Reaction was terminated by the addition of EDTA to 10
mM and heating at 75° C. for 20 min. About 170 pg of treated
plasmid was reacted with 400 U T4 DNA ligase (New
England Biolabs) in a 10 plL volume at 16° C. for 4 hrs. The
ligation reaction was subsequently treated with 2.5 U Sb{l for
90 min to digest unwanted DNA structures (such as reformed
pCM184). A 0.5 L. volume of this reaction was used to
transform E. coli TOP10 (Invitrogen), and plating to LB T¢?
resulted in numerous colonies after overnight incubation at
37° C. The plasmid contained in cells from a chosen colony
was shown by restriction enzyme analysis and DNA sequenc-
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ing to be of the desired structure: this plasmid was named
pCX027 (SEQ ID NO: 141) and is diagrammed in FIG. 7B.

The plasmids (about 2 pg each) containing the cloned PCR
products for the gumD upstream and downstream regions
(above) were digested with 10 U Sbfl for 2 hr at 37° C., then
10 U EcoRI (with enzyme-specific buffer) under the same
conditions. After heat treatment (70° C. for 20 min.), the
digests were subjected to agarose gel electrophoresis, and the
desired fragments (upstream fragment about 1.6 kb; down-
stream fragment about 1.1 kb) were purified with the
QIAGEN Mini-Elute kit. Plasmid pCX027 (about 3.5 pg) was
digested with 20 U EcoRIin a 50 uL. reaction for 2.5 hr at 37°
C., treated with about 18 U Antarctic phosphatase (New
England Biolabs) ina 60 ul reaction for 15 min. at 37° C., and
then heated at 70° C. for 20 min. A three-way ligation was
carried out with about 100 ng each of treated pCX027 and
purified gumD upstream and downstream fragments in 10 pl,
reactions at 16° C. for about 20 hr. Half of this reaction was
transformed into E. coli DHS5a (Stratagene) followed by plat-
ing to either LB Ap*®® or LB T¢? at 37° C. Colony PCR was
performed (as described above) to identify clones with the
desired structure using primers CAX122 and CAX119
homologous to regions in the upstream and downstream
sequences, respectively.

CAX119

(SEQ ID NO: 68)
GACCAATGACACGATGATCG
CAX122

(SEQ ID NO: 69)
GCATCCGCTACAACATGCTC

PCR products of the expected size (1169 bp) were detected
in several colonies, and the desired structures were confirmed
by restriction analysis. Plasmids in which the orientation
(given as the gum gene reading frames) of the paired homol-
ogy regions were the same or opposite of that for the vector
Tet” gene were named pCX030 and pCX031, respectively.

Xanthomonas campestris pv. campestris (“Xcc”; B-1459
from the ARS Culture Collection (NCUAR) Peoria, I11.; also
known as ATCC13951) was grown in nutrient broth (NB,
Difco) overnight at 30° C. (all growth of Xcc strains at 30° C.
unless indicated), diluted 1:5 in fresh NB, and 100 uL. aliquots
were spread to nutrient agar (NA, Difco) plates containing
streptomycin (str) at 100 ug/ml. followed by incubation at 30°
C. After several days, colonies were detected at a frequency of
about 1 per 107 originally-plated cells. Several spontane-
ously-arising streptomycin-resistant Xcc strains were puri-
fied by streaking to NA str*° plates, and one such isolate was
named MSC116.

Plasmid pCXO030 or pCX031 was transferred to Xcc strain
MSC116 by electroporation (Oshiro et al., J. Microbiol.
Method 2006; 65:171-179). Tetracycline-resistant colonies
(Tc®) were obtained from transformants from pCX030 (4.1x
10%ug) and pCX031 (3.1x10%ug), respectively. Genomic
DNA was prepared from isolated Tc? strains derived from
pCXO031 transformation and evaluated by PCR for the site of
pCXO031 integration. Primer pairs were chosen to determine
linkage of genomic sequence outside of the upstream region
used in pCXO031 to the downstream region and sequence
outside of the downstream region used in pCX031 to the
upstream region. Specifically, primer CAX116 (“outside
primer” for upstream region) plus CAX119 (in downstream
homologous region; see above) were used to test the upstream
linkage and CAX117 (“outside primer” for downstream
region; see above) plus CAX122 (in upstream homologous
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region; see above) were used to test the downstream linkage.
PCR was conducted with Go Taq DNA polymerase
(Promega, Madison, Wis.) with 0.5 uM each primer, 250 uM
each dNTP, 1000 ng DNA template, and 0.5 U enzyme.
Reaction conditions include initial denaturation at 94° C. for
4 min., 30 cycles of 15 sec. denaturation at 94° C., 30 sec.
annealing at 55° C., and 4 min. extension at 72° C. and final
extension for 2 min. “Pop-in” isolates were identified for both
upstream and downstream integration of pCX031. Two iso-
lated “pop-in” strains were designated MSC221 and
MSC222. These strains were inoculated in LBLS (10 g/L.
Bacto peptone, 5 g/I. NaCl, 5 g/L. yeast extract, no antibiotics)
for growth at 30° C., and then thrice sub-cultured into the
same medium at 48 hr intervals using 1:1000 dilutions. The
resulting cultures were diluted, and aliquots were spread to
NA Str® plates. Resulting colonies were transferred to NA
and NA Tc? plates. Tc” strains were found at a frequency of
2% from both strains. Colony PCR analysis against selected
Tc® strains using the primer pairs (CAX116 plus CAX119
and CAX117 plus CAX122), as described above, demon-
strated that all strains tested were consistent with gumD dele-
tion. These isolated “pop-out” strains from MSC221 and
MSC222 were designated MSC225 and MSC226, respec-
tively. Colonies of MSC225 and MSC226 on agar plates were
clearly non-mucoid relative to colonies of the MSC116 parent
strain.

Deletion of the Xanthan Gum Biosynthetic Gene Cluster:

Deletion of the gumB thru gumM biosynthetic cluster
largely follows the same steps detailed for deletion of the
gumD gene. Regions of homology upstream of gumB and
downstream of gumM were created by PCR with primers
CAX136xCAX137 (1434 bp) and CAX138xCAX139 (1420
bp), respectively, incorporating a Bglll restriction site for
cloning into pCX027 and Notl sites for fusion between the
upstream and downstream fragments. Fusion of the NotI sites
will create an open reading frame for a 53 amino acid
polypeptide consisting of the 5' end of the gumB and 3' end of
the gumM coding sequences. Restriction sites are underlined:
Bglll in CAX136 and CAX139; Notl in CAX137 and
CAX138.

CAX136
(SEQ ID NO: 70)
AGATCTGGCGGTAACAGGGGATTGGC
CAX137
(SEQ ID NO: 71)
GCGGCCGCCAAGACGGTATTCGGGCTGC
CAX138
(SEQ ID NO: 72)
GCGGCCGCGATCTGCTGGTGTTCTTCCGC
CAX139
(SEQ ID NO: 73)

AGATCTCCTACCGACCAGGCATTGGC

PCR was performed with Pfu Ultra II polymerase (Strat-
agene) for amplification of upstream and downstream frag-
ments. Reaction conditions include initial denaturation at 94°
C. for 4 min., 30 cycles of 20 sec. denaturation at 95° C., 30
sec. annealing at 57° C., 30 min. extension at 72° C. and final
extension at 72° C. for 5 min. Template consisted of 100 ng of
X. campestris pv. campestris (strain ATCC13951; “Xcc”)
genomic DNA. The PCR fragments were cloned into pCR-
Blunt II-TOPO (Invitrogen) and transformed into E. cofi
TOP10 (Invitrogen). The relevant sequence of an upstream
homology clone matches the sequence of the PCR product,
but this shared sequence differs by 14 base pairs from the
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published sequence of Xcc strain ATCC33913 for this region
(primers excluded). These sequence variances likely reflect
subtle differences between the B-1459/ATCC13951 and
ATCC33913 genomes. The relevant sequence of a down-
stream homology clone matches the sequence of the PCR
product and this sequence does not differ from the published
Xce ATCC33913 sequence for this region (primers
excluded). The plasmids (about 1 pg each) containing the
cloned PCR products for the upstream region of gumB
(above) and the downstream region of gumM (above) were
digested with 7.5 U Notl and 7.5 U Bglll for 2 hrat 37° C. The
digests were subjected to agarose gel electrophoresis, and the
desired fragments (each about 1.4 kb) were purified with the
QIAGEN Mini-Elute Kit. Plasmid pCX027 (about 1.0 pg)
was digested with 15 U Bglllina 15 plL reaction for 2 hrat 37°
C., treated with about 5 U Antarctic phosphatase (New
England Biolabs) in a 75 pL reaction for 15 min. at 37°, and
then heated at 65° C. for 10 min. After purification of Bglll
digested pCX027, a three-way ligation was carried out with
purified pCXO027, the upstream fragment of gumB, and the
downstream fragment of gumM in 20 plL. reactions at room
temperature for 3 hr. Half of the reaction mixture was trans-
formed into E. coli TOP10 (Invitrogen) followed by plating to
either LB Ap'® or LB Tc” at 37° C. Colony PCR was per-
formed (as described above) to identify clones with the
desired structure using CAX140 (in upstream homologous
region) and CAX145 (in downstream homologous region).

CAX140

(SEQ ID NO: 74)
CCGAATTTCCGAGCCTGG
CAX145

(SEQ ID NO: 75)
GCCCGCTCGCTTCGTCG

Plasmid was prepared from PCR positive clones with the
QIAGEN Qiaprep Spin Miniprep Kit and digested with BglIL,
Ndel or Ncol to confirm the structure of the plasmid including
its orientation of homologous regions in the upstream and
downstream sequences. Plasmids in which the orientations of
the paired homology regions were the same or opposite of that
for the vector Tet” gene were designated pKMOO1 and
pKMO002, respectively.

Plasmid pKMO001 or pPK M002 was transferred to Xcc strain
MSC116 by electroporation (Oshiro et al., J. Microbiol.
Method 2006; 65:171-179). Tc® colonies were obtained from
transformants of pKM001 (5.3x10°/ug) and pKMO002 (5.0x
10%/ug), respectively. Genomic DNA was prepared from iso-
lated Tc® strain derived from pKMO0OI transformant and
evaluated by PCR for the site of pKMOO1 integration. Primer
pairs were chosen to determine linkage of genomic sequence
outside of the upstream region used in pKMO0O1 to the down-
stream region and sequence outside of the downstream region
used in pPKMOO1 to the upstream region. Specifically, primer
prKMOO01 (“outside primer” for upstream region; see below)
plus CAX145 (in downstream homologous region; see
above) were used to test the upstream linkage and prKMO002
(“outside primer” for downstream region; see below) plus
CAX142 (in upstream homologous region; see below) were
used to test the downstream linkage.

PrKkKMO0O1
(SEQ ID NO: 76)

ACGTGGATGCGGTCGTCGC
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-continued
PrKM0O03
(SEQ ID NO: 77)
GGEGCTTGCGEETCEEC
CAX142
(SEQ ID NO: 78)

CGTATGCTGAGAATGACGACC

PCR was conducted with Go Taq DNA polymerase
(Promega) with 0.5 uM each primer, 250 uM each dNTP,
600-1000 ng DNA template, and 0.5 U enzyme. Reaction
conditions include initial denaturation at 94° C. for 5 min., 30
cycles of 15 sec. denaturation at 94° C., 30 sec. annealing at
55° C., and 4 min. extension at 72° C. and final extension for
2 min. “Pop-in” isolates were identified for upstream integra-
tion of pKMOO1. These isolated strains were designated
MSC242, MSC247 and MSC248.

MSC242, MSC247 and MSC248 were inoculated in LBLS
medium for growth at 30° C., and then thrice sub-cultured
into the same medium at 48 hr intervals using 1:1000 dilu-
tions. The resulting cultures were diluted, and aliquots were
spread to NA Str°° plates. Resulting colonies were transferred
to NA and NA Tc? plates. Tc® strains were observed at fre-
quencies of 1-2% from the three strains. Genomic structure in
selected Tc”® strains was evaluated by PCR to confirm deletion
of xanthan gum synthesis genes from gumB to gumM using
prKMOO01 plus CAX145 for upstream linkage and prKMO003
plus CAX142 for downstream linkage (see above). PCR was
conducted with Herculase II Fusion DNA polymerase (Strat-
agene) with 0.25 uM each primer, 250 pM each dNTP, 500-
700 ng DNA template, and 0.5 U enzyme. Reaction condi-
tions included initial denaturation at 98° C. for 4 min., 30
cycles of 20 sec denaturation at 98° C., 20 sec. annealing at
60° C., and 2 min. extension at 72° C. and final extension for
4 min. Three “pop-out” strains (one from each “pop-in”
strain) showed the PCR products consistent with deletion of
the xanthan gum biosynthetic gene cluster. These xanthan
gum biosynthesis gene deletion “pop-out” strains from
MSC242, MSC247 and MSC248 were designated MSC255,
MSC256 and MSC257, respectively. Colonies of MSC255,
MSC256, and MSC257 on agar plates were clearly non-
mucoid relative to colonies of the MSC116 parent strain.

E. coli B

The genome of E. coli BL21 (DE3), a derivative of wild
type E. coli B (ATCC11303), was reported to contain an
inactive group 2 capsule gene cluster in which the regions 1
and 3 were intact (and functional), but region 2 was disrupted
and non-functional (Andreishcheva, E. N., and Vann, W. F.,
Gene 2006;384:113-119). Given that genes of regions 2 were
polymer-specific but that regions 1 and 3 were generic and
less specific, E. coli B can be engineered to synthesize chon-
droitin by providing just the K4 region 2 genes on a plasmid
or integrated into the chromosome (see below). To improve
the utility of £. coli B as ahost for chondroitin production, the
production of colanic acid was eliminated by genetic muta-
tion as described for E. coli K-12 above.

Deletion of the Colanic Acid Operon:

The process for deletion ofthe . coli B colanic acid operon
follows that used for the K-12 strain described above. At the
time of this invention, the . co/i B genome sequence was not
publicly available. Though the K-12 and B strains are closely
related, some differences in DNA sequences are expected.
Therefore, creation of new upstream and downstream
homologous regions was needed, and the existing primers
used for strain K-12 were employed. Specifically, PCR with
primers pairs CAX128xCAX129 and CAX130xCAX131
and E. coli B genomic DNA template was used to generate



US 9,175,293 B2

47

upstream and downstream homologous regions, respectively.
Products of about 1 kb in size were obtained, cloned, and
sequenced. In the non-primer sequences, the upstream
homologous region (944 bp) differs by only two bases (tran-
sitions) from the K-12 upstream region, and the downstream
homologous regions (911 bp) differs by 30 bases (24 transi-
tions, 6 transversions). The upstream and downstream frag-
ments were cloned into pMAK705 to generate pMAK-BCL.

Plasmid pMAK-BCL was introduced into £. coli B by
electroporation. LB medium was inoculated with a fresh
colony and incubated overnight at 37° C. with vigorous shak-
ing. A volume of fresh, pre-warmed LB was inoculated with
the overnight culture to give an initial OD600 reading of 0.03
(BioPhotometer, Eppendorf). The culture was grown to
0OD600=~0.8 and then chilled on ice for 30-40 minutes. Cells
were collected by centrifugation (10 min., 4000 g), and the
cells were washed twice by re-suspension in original volumes
of ice-cold deionized water followed by re-centrifugation.
The cells from the final centrifugation were suspended in
Ys00™ volume of ice-cold water. pMAK-BCL (200 ng) was
added to 50 uL of prepared E. coli B suspension and incu-
bated on ice for about 20 min. Electroporation was carried out
with Gene Pulser Xcell (BioRad) in 0.1 mm gap cuvettes at
settings of 25 uF, 200€2, and 1.8 kV yielding durations of
4.5-5.0 msec. Pulsed cells were diluted with 350 ul. SOC
medium (Maniatis, 1989) and incubated at 37° C. for 1 hr;
5-10 uL was then spread to LB Cm>* agar plates with incu-
bation at43° C. Colonies appearing after 2 days (representing
“pop-in” candidates) were streaked to LB Cm>* agar plates at
43° C., and resulting colonies were inoculated into LB
medium (no Cm) for growth and serial passage at 30° C.
Colonies derived from these cultures were tested for Cm-
sensitivity, and “pop-out” candidates were identified. Colony
PCR was used to characterize the candidate strains. One
isolate was found to give the expected PCR products using
primer pairs CAX129xCAX32, CAXI131xCAX132,
CAX132xCAX135, CAX129xCAX135, and CAXI162x
CAX163. This E. coli B isolate deleted for the colanic acid
gene cluster was named MSC364.

Example 4
Construction of Expression Vectors

Well characterized high-copy-number and low-copy-num-
ber plasmid vectors specific to E. coli have been described
(Balbas and Bolivar, Methods Enzymol. 1990; 185:14-37,
Das, Methods Enzymol. 1990; 182:93-112, Mardanov et al.
Gene 2007; 15(395):15-21). Such vectors employ a variety of
well characterized promoter systems for regulated gene
expression in E. coli. Additionally, conjugally-transmissible
plasmid vectors based on broad host range plasmids such as
RK2 (low copy number IncP) and RSF1010 (high copy num-
ber IncQ) that function in E. coli, X. campestris and a wide
variety of other gram negative bacteria are also available
(Franklin and Spooner, Promiscuous plasmids in Gram-
negative bacteria Academic Press (London) 1989 pp 247-
267, Mather et al. Gene 1995; 15:85-88, Haugen et al., Plas-
mid 1995; 33:27-39. Mermod et al., J Bact. 1986; 167:447-
454). The synthetic chondroitin biosynthetic gene set can be
cloned into these versatile broad host range vectors so that the
same plasmids can be used for gene transfer and expression in
a wide array of gram-negative bacteria including X. campes-
tris, S. elodea, P. putida, and non-pathogenic F. coli (Guiney
and Lanka, Promiscuous plasmids in Gram-negative bacteria
Academic Press (London) 1989 pp 27-54).
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Many useful IncP-based vectors are derived from the RK2,
a conjugally self-transmissible plasmid originally isolated
from clinical Pseudomonas isolates and subsequently shown
to be capable of transferring itself into, and functioning
within, nearly every gram negative bacterium tested. Smaller
derivatives of RK2 have been constructed that are stable
replicons and can be conjugally transferred when “helper”
functions are supplied in trans from a second plasmid. One
suchplasmidis pFF1 (Durland et al., J. Bact. 1990; 172:3859-
3867). Some useful derivatives of this plasmid have been
described; one of these is pJB653 (Blatny et al., Appl.
Enviorn. Micro. 1997; 63:370-379) which adds the Pm pro-
moter of the Pseudomonas TOL plasmid and the regulatory
gene xylS to provide a strong, well regulated promoter shown
to function in a variety of gram negative bacteria. This vector
and related constructs are the subject of U.S. Pat. No. 6,258,
565. Various IncQ-based plasmid vectors have been derived
from RSF1010, an 8.7 kb plasmid originally isolated from
Pseudomonas putida. RSF1010 can propagate in F. coli and
a wide variety of gram negative bacteria. Derivatives of
RSF1010 carrying the Pm promoter and xyl1S regulatory pro-
tein have been constructed and described. The plasmid
pNM185 (Mermod et al., J. Bact. 1986; 167:447-454) is an
RSF1010 derivative that carries the Pm promoter and xylS
regulatory gene.

Schumann et al. (Plasmid 2005; 54:241-248) have
described series of plasmid-based expression vectors for
Bacillus subtilis that allow stable intracellular expression of
recombinant proteins. These expression vectors are based on
the E. coli-B. subtilis shuttle vector pMTLBS72 which repli-
cates in B. subtilis as theta circles and is consequently more
stable than typical B. subtilis plasmids such as pUB110 which
replicates via a rolling circle mechanism. Derivatives of this
plasmid which contain constitutive promoter PlepA, pro-
moter PgsiB which can be induced by heat and acid shock,
and by ethanol, and the PxylA and Pspac promoters which
respond to the addition of xylose and IPTG, respectively, have
been described.

Broad-host-range plasmid pBHR1 (Szpirer et al., J. Bac-
teriol. 2001; 183:2101-10), which is reported to be compat-
ible with IncP and IncQ plasmids, was purchased from
MoBiTec GmbH (Goettingen, Germany). This plasmid was
modified to create a vector (pDD54) employing the Pm/xylS
expression system referenced above. The first step in con-
structing the pPBHR1-based expression vector was to delete
the kanamycin resistance (KanR) gene present on that plas-
mid. This was desirable because pRK2013, a plasmid that can
be used to direct conjugal transfer of pBHR1 and derivatives,
also carried a KanR gene. Moreover, deletion of that gene,
and flanking sequences, facilitated certain subsequent clon-
ing steps detailed below. pPBHR1 also carries a gene that
confers chloramphenicol-resistance (CamR) and that antibi-
otic can be used instead of kanamycin to select for this plas-
mid. Plasmid DNA was prepared from pBHR1 (diagrammed
in FIG. 8A) digested with Sbfl and the 1.2 kb Sb{l fragment
containing the KanR gene was deleted by ligating the diges-
tion products and screening for chloramphenicol-resistant,
kanamycin-sensitive transformants. The plasmid from one
such transformant was designated pDD39 (see FIG. 8A) and
used in further construction steps.

The xylS gene, which positively regulates expression from
the Pm promoter, was amplified by PCR from pWWO0 (TOL
plasmid) DNA prepared from Pseudomonas putida ATCC
33015. Using the QIAGEN Plasmid Mini Kit (QIAGEN Inc.,
Valencia, Calif.) according to the vendor protocol 4 ug of
pWWO DNA was isolated from 20 mL of a fresh overnight
culture of Pseudomonas putida ATCC 33015. This DNA
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preparation was used as template for PCR reactions which
amplified the xylS gene and flanking DNA sequences as two
fragments which were subsequently joined together by a sub-
sequent PCR splicing reaction. This procedure facilitated the
addition of'a Nsil site 9 base pairs downstream of (3-prime to)
the translational stop codon of xylS. In the initial round of
PCR one reaction (Reaction A) employed primers DHD197
(SEQ ID NO:103) and DHD201 (SEQ ID NO:104) and a
second reaction (Reaction B) employed primers DHD200
(SEQ ID NO:105) and DHDI198 (SEQ ID NO:106).
Sequences of these primers are as follows:

DHD197

(SEQ ID NO: 103)
5>GCACTGCAGATCCCCTTTATCCGCC>3
DHD198

(SEQ ID NO: 106)
5>GCACTGCAGATCCACATCCTTGAAGGC >3
DHD200

(SEQ ID NO: 105)
5> GATTACGAACGATGCATAGCCGAAGAAGGGATGGGTTG >3
DHD201

(SEQ ID NO: 104)

5>CTTCTTCGGCTATGCATCGTTCGTAATCAAGCCACTTCC>3

PCR reactions were performed using PfuUltra II poly-
merase (STRATAGENE, Lalolla, Calif.) according to the
vendor protocols. In each 100 pl. reactions, primers were
added to a final concentration of 0.4 uM each, dNTPs were
added at a final concentration of 200 pM each and 10 nano-
grams of pWWO0 DNA was added as template. PCR reactions
were performed in a Perkin-Elmer GeneAmp 2400 ther-
mocyler using the following cycling parameters: 1 cycle of 2
min. at 95° C.; 30 cycles of 20 sec. at 95° C., 20 sec. at 60° C.,
and 45 sec. at 72° C.; 1 cycle of 3 min. at 72° C.; and a hold
at4° C. Products of these reactions were analyzed by agarose
gel electrophoresis. The sizes of PCR products observed were
consistent with the expected sizes for the products of both
Reaction A (1259 bp) and Reaction B (422 bp).

The products of these reactions were purified using the
Qiagen QIAquick PCR Purification Kit (QIAGEN, Valencia,
Calif.) according to the vendor protocol, and 1 pL. of each was
addedto 1 mL of sterile distilled deionized water. To 50 ul. of
this mixture was added 10 pl. of 10x PfuUltra II reaction
buffer, 10 uL. of a stock solution of ANTPS (10 mM each), 10
uL of a stock solution of DHD197 (4 uM), 10 uLL of a stock
solution of DHD198 (4 uM), 16 uL. of sterile distilled deion-
ized water and 2 pl. of PfuUltra II polymerase. The PCR
reaction was performed using the procedure described above
for Reactions A and B. The products of this reaction were
purified using the Qiagen QIAquick PCR Purification Kit
(QIAGEN, Valencia, Calit.) according to the vendor protocol
and analyzed by agarose gel electrophoresis. A strong band
was observed at a position consistent with the expected size of
the product of the PCR splicing reaction, 1610 bp. This band
was excised from the gel using the QlAquick Gel Extraction
Kit (QIAGEN Inc., Valencia, Calif.) according to the vendor
protocol.

This PCR fragment was cloned into the pCR-Blunt II-
TOPO cloning vector (Invitrogen, Carlsbad, Calif.) accord-
ing to the vendor protocol. The resulting plasmid was desig-
nated pDD42 and is diagramed in FIG. 8A. The PCR primers
DHD197 and DHD198 added Pstl sites 3 base pairs from each
end of the 1610 bp PCR fragment. The sequence of the Pstl
fragment in pDD42 was determined (SEQ ID NO:107). This
sequence matched the expected sequence for the xylS gene
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based on the reported pWWO sequence (GenBank,
AJ344068) and showed the addition of 5 base pairs derived
from primers DHD200 and DHD201 which results in the
creation of a Nsil site 9 base pairs downstream (3') of the
translational stop codon of xylS. In the non-coding region
downstream ofxylS, two sequence differences were observed
between the cloned Pstl fragment in pDD42 and the sequence
reported in GenBank, AJ344068. Insertions of a G residue are
observed 119 and 181 bp 3'to the TGA stop codon of the xylS
gene. These sequence differences occur within the intergenic
region between xylS and xylH genes.

The Pstl fragment containing the xylS gene was excised
from pDD42, gel-purified and cloned into the Sbil site of
pDD39. Pstl and Sbfl enzymes create digestion products
having identical 4 bp overhangs, which can be ligated
together, but the Sbfl recognition site is destroyed in the
resulting recombinants. The pDD39 derivative containing the
xylS gene contained on the Pstl fragment from pDD42 was
termed pDD47 and is shown in FIG. 8A.

A 470 bp DNA fragment (SEQ ID NO:79) that comprises
approximately 90 bp of TOL plasmid DNA sequence span-
ning the minimal Pm promoter sequences required for bind-
ing of RNA polymerase and the XylS protein (Dominguez-
Cuevas er al., 2008) plus synthetic upstream and downstream
transcriptional terminators and multiple restriction sites for
cloning genes immediately downstream of the Pm promoter
was synthesized de novo by DNA 2.0 (Carlsbad, Calif.). FIG.
8B shows pJ201:11352 which contains this 470 bp fragment
cloned in the DNA 2.0 pJ201 vector. The promoter-contain-
ing fragment was designed with flanking Accl sites to allow
cloning into the compatible, and supposedly, unique BstB I
site located in pBHR1 and the derivative pDD47 plasmid.
However, digestion of pDD47, and subsequently pBHR1,
revealed the presence of two BstBI sites. Evidently, the
sequence of pPBHR1 as reported in the literature (GenBank:
Y14439.1) is not entirely correct. Due to this discrepancy
additional cloning steps were required to add the cloned Pm
promoter to pDD47.

As shown in FIG. 8A, pDD47 contains unique EcoRI and
Agel sites that flank the annotated BstB I site targeted for
insertion of the promoter. It also contains an NgoM 1V site
downstream of the Agel site. The 763 bp EcoRI-NgoMIV
fragment of pDD47 was excised and cloned into EcoRI-
NgoMIV cut pREZ6 to generate pDD49 (FIG. 8B). pREZ6,
also diagrammed in FIG. 8B, is a derivative of pBluescript
SK+ (Stratagene, LaJolla, Calif.) in which a short polylinker
sequence (ttaattaagggtttaaactac (SEQ ID NO:142)) was
inserted at the unique Dralll site of pBluescript SK+. In this
construct, the BstBI of interest is unique, so the Accl fragment
of'pJ201:11352 which contains the Pin promoter was excised
and cloned into the BstBI site of pDD49 to create pDDS50.
Subsequently, the EcoRI-Agel fragment of pDD50 was
excised and ligated to the 5055 bp EcoRI-Agel fragment of
pDDA47 to create the expression vector pDD54 which is
shown in FIG. 8C. pDD54 was used as the expression vector
in the initial cloning 0of K4 capsule genes for transfer into, and
expression in, alternative hosts as described below and in
Examples 6, 7, 8 and 9.

The three synthetic gene fragments kpsFEDUCS (FS seg-
ment), kpsMTkfoABCFG (MG segment) and kfoDIEH (DH
segment) were received from the synthesis vendor, DNA2.0
(Carlsbad, Calif.). The synthetic DNAs were provided as
fragments cloned in the plasmid vector, pJ241. FIG. 8D
shows plasmid diagrams of these constructs. The synthetic
genes were assembled into a single operon which was subse-
quently cloned into pDD54. The first step in this process was
to combine the FS and MG segments into a single fragment.
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Two plasmids were constructed that combine the FS segment
and the MG segment in different permutations on the plasmid
vector, pJ241.

Aliquots of plasmids pJ241:10662 and pJ241:10664 were
digested with Sbfl+Bglll, treated with alkaline phosphatase
and gel-purified using the QIAEX II Gel Extraction Kit
(Qiagen Inc., Valencia, Calif.) according to the vendor proto-
col. In parallel, aliquots of pJ241:10662 and pJ241:10664
DNA were digested with Sbil plus BamHI and the resulting
approximately 9.1 kb and approximately 8.0 kb Sh{l-BamHI
fragments containing the synthetic MG and FS gene seg-
ments, respectively, were gel-purified as above. The gel-pu-
rified approximately 9.1 kb Sbfl-BamHI MG segment was
ligated into the Sbfl plus BglII digested and phosphatased
pJ241:10664 vector which contains the FS gene segment.
Although BamH I and Bglll enzymes recognize different
sequences, GGATCC vs AGATCT respectively, they produce
an identical 4 bp overhang (GATC) and therefore the diges-
tion products can be ligated together but resulting ligation
products cannot subsequently be recognized by either
enzyme. The resulting recombinant plasmid, designated
pDD37, is shown in FIG. 8E. This construct retains the Sbfl
site 5' to the synthetic genes and the BamHI site, present in
pJ241:10664, 3' to the synthetic genes. The synthetic gene set
kpsMTkfoABCFGkpsFEDUCS (MGFS segment), can
therefore be excised as an Sbfl-BamHI fragment of approxi-
mately 17.1 kb. Similarly, the gel-purified Sbfl-BamHI
approximately 8.0 kb FS segment was ligated into the Sbfl
and BgllI digested and phosphatase treated pJ241:10662 vec-
tor which contains the MG gene segment. The resulting
recombinant plasmid, designated pDD?38, is shown in FIG.
8E. Again, this construct retains the Sbil site 5' to the syn-
thetic genes and the BamHI present in pJ241:10662 3' to the
synthetic genes. Therefore, this synthetic gene set, kpsFE-
DUCSkpsMTkfoABCFG (the FSMG segment) can be
excised as an Sbfl-BamHI fragment of approximately 17.1
kb.

Synthetic genes kfoD, kfol (or orf3), kfoE and kfoH (or
orfl) (the DH segment), contained in pJ241:10663 (see FIG.
8D), were cloned into plasmids pDD37 and pDD38. Plasmids
pDD37 and pDD38 were digested with EcoRI, treated with
alkaline phosphatase and gel-purified using the QIAEX 11 Gel
Extraction Kit (Qiagen Inc., Valencia, Calif.) according to the
vendor protocol. The unique EcoRI site in each of these
plasmids is located in the intergenic region separating kfoC
and kfoF. The DH segment, containing synthetic genes kfoD,
kfol, kfoE and kfoH, was excised from pJ241:10663 as a
approximately 4.2 kb EcoRI fragment and gel-purified. This
fragment was ligated into both of the EcoRI-cut and phos-
phatased pDD37 and pDD38 plasmids. Resulting recombi-
nants were tested for orientation of the approximately 4.2 kb
EcoRI fragment by cutting with diagnostic restriction
enzymes. Recombinants that contained the added DH seg-
ment in the correct orientation were readily obtained. The
resulting plasmids, pDD51, derived from pDD37, and
pDD52 derived from pDD38, are shown in FIG. 8F. These
constructs each contain all of the K4 capsule cluster genes
but, as shown, the gene order differs for the two plasmids: in
pDD51 the gene order is kpsMTkfo ABCDIEHFGkpsFE-
DUCS, in pDD52 the order is kpsFEDUCSkpsMTkfoAB-
CDIEHFG. Inboth cases the entire K4 gene set can be excised
as an Sbfl-BamHI fragment of approximately 21 kb. The K4
capsule genes from these plasmids were subcloned into the
expression vector pDDS54, described above, to generate
expression plasmids pDD57 and pDD58, respectively. Both
of these plasmids are illustrated in FIG. 8G. The entire syn-
thetic K4 capsule gene set was excised from pDDS51 and
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pDDS52 as an approximately 21 kb Sbil-BamHI fragment,
gel-purified using the QIAEX 11 Gel Extraction Kit (Qiagen
Inc., Valencia, Calif.) according to the vendor protocol and
cloned into Sbfl-BamHI digested pDD54.

In pDDS57 and pDD38 the entire K4 capsule gene set (17
genes) is under control of the Pm promoter and the XylS
regulatory protein encoded by the xylS gene. The pDD54 and
pDDS58 plasmids were originally constructed in the E. coli
“TOP10” strain, a commercially available (Invitrogen, Carls-
bad, Calif.) strain that contains a number of mutations that
enhance its utility for gene cloning. The plasmids were also
subsequently transferred into another E. coli host (“DHS5a™)
that is commonly used in recombinant DNA experiments.
These E. coli strains are not ideal candidates for development
as production platforms. Therefore, in initial experiments,
pDDS54 and pDDS58 were transformed into more suitable E.
coli K-12 strains and the resulting strains tested for chon-
droitin production as described below in Example 6.

Additional expression plasmids also were constructed by
modification of pDD57 and pDDS58. A tetracycline-resistance
gene was added to expression plasmids pDD57 and pDD58 as
detailed below. Tetracycline-resistance potentially has two
advantages as a selection for plasmid introduction and main-
tenance. First, tetracycline-resistance (TcR) is typically a
more stringent selection for plasmid maintenance because the
resistance mechanism is based on transport of the antibiotic
out of the cell, not on inactivation of the antibiotic, as is the
case for chloramphenicol and many other antibiotics. There-
fore, the effective concentration of selective agent in the
culture medium is unaltered by cell growth and metabolism.
Second, spontaneous chromosomal mutations conferring
resistance to tetracycline are uncommon, and were not
observed in A. campestris. In contrast, spontaneous chromo-
somal mutations conferring resistance to chloramphenicol
were observed in X. campestris in plasmid transfer experi-
ments such as those described in Example 6. These mutations
can potentially obscure CmR transformants/exconjugants
that acquired a plasmid of interest, such as pDD57 or pDD5S8.

Expression plasmids pDD57 and pDD58 were modified by
addition of a gene that confers the property of tetracycline-
resistance (TcR) while the chloramphenicol-resistance
(CmR) property of these plasmids was retained. A tetracy-
cline-resistance gene (tetR) present in plasmid pCX027 (de-
scribed in Example 3 and FIG. 7B above), and derived from
the E. coli plasmid vector pBR322, was amplified by PCR and
cloned into the unique BamHI sites present in pDD57 and
pDDS58. In the process of amplifying and cloning the tetR
gene, this gene was modified as follows. PCR primers added
a Bglll site at the 5' end of the tetR gene, upstream of the
promoter, and a BamHI site 3' to the tetR stop codon. Primers
further modified the gene to eliminate an internal BamHI site
(without changing the amino acid sequence of the protein)
and to eliminate the so-called “anti-tet” promoter normally
present on the fragment that was amplified. This promoter is
located near the tetR promoter but directs transcription in the
opposite direction (Balbas et al., Gene 1986; 50:3-40). This
modified tetR gene was created by performing two PCR
reactions that amplified two overlapping segments of the tetR
gene and introduced the desired sequence changes. Subse-
quently a these two fragments were joined together by a
subsequent PCR splicing reaction to generate the tetR gene
and promoter region of the desired sequence having the BglII
site at the 5' end of the tetR gene, upstream of the promoter,
and a BamHI site 3' to the tetR translational stop codon.

The first PCR reaction (Reaction A) employed primers
DHD218 (SEQID NO:113) and DHD219 (SEQ ID NO:114)
to amplify approximately 400 bp of DNA including the



US 9,175,293 B2

53

amino-terminal portion of the tetR coding sequence and
upstream promoter sequence. The second reaction (Reaction
B) employed primers DHD220 (SEQ ID NO:115) and
DHD221 (SEQ ID NO:116) to amplify approximately 900 bp
of DNA including the remainder of tetR coding sequence and
translational stop codon. Sequences of these primers are as
follows shown below. The shaded sequence shown in
DHD218 replaces the sequence ATCGATAAGCTT (nucleic
acids 2843-2854 of SEQ ID NO:141) that is present in
pCX027 and, in so doing, eliminates the Clal and HindIII
sites located in the tetR promoter region and changes the
sequence of the —-10 region of the anti-tet promoter. The
complementary shaded sequences of DHD219 and DHD220
create a silent mutation that eliminates the BamHI site of the
tetR gene of pCX027. This mutation changes a CTC leucine
codon to a TTG leucine codon and thus does not alter the
amino acid sequence of the TetR protein.

DHD218
(SEQ ID NO: 113)
5> GCGAGATCTCATGTTTGACAGCTTATCATCECTCGECTTTAATGC

GGTAGTTTATCAC >3

DHD219

(SEQ ID NO: 114)
5> CCGGCGTAGAAGATCCACAGGACGGGTGTG >3
DHD220

(SEQ ID NO: 115)
5> CTGTGGATCTEGTACGCCGGACGCATCGTG >3
DHD221

(SEQ ID NO: 11le)

5> GCGGATCCTTCCATTCAGGTCGAGGTG >3

PCR Reactions A and B were performed using PfuUltra 11
polymerase (Stratagene, LaJolla, Calif.). In each 40 pL reac-
tion, Pfu reaction buffer (supplied by the vendor) was added
to a final concentration of 1x, primers were added to a final
concentration of 0.4 uM each, dNTPs were added at a final
concentration of 200 uM each, 1 ng of pCX027 plasmid DNA
was added as template and 2.5 units of PfuUltra Il polymerase
were added. PCR Reactions A and B were performed in a
RoboCycler® Gradient 96 thermocycler (Stratagene,
Lalolla, Calif.) using the following cycling parameters: 1
cycle of 1 min. at 95° C.: 30 cycles of 30 sec. at 95° C., 30 sec.
at55°C.,and 30sec.at 72° C.; 1 cycle of Smin. at 72°C.; and
a hold at 6° C. The products of these reactions were purified
using the Qiagen QIAquick PCR Purification Kit (QIAGEN,
Valencia, Calif.) according to the vendor protocol, and ana-
lyzed by agarose gel electrophoresis. The sizes of PCR prod-
ucts observed were consistent with the expected sizes for the
products of both Reaction A (395 bp) and Reaction B (920
bp). These fragments were excised from the gel and eluted
from the gel slices using the QIAquick Gel Extraction Kit
(QIAGEN Inc., Valencia, Calif.) according to the vendor pro-
tocol and recovered in 30 pL. of EB elution buffer. The gel-
purified fragments served as templates in the subsequent PCR
splicing reaction; Reaction SP. In a 50 uL. reaction, Pfu reac-
tion buffer was added to a final concentration of 1x, primers
were added to a final concentration of 0.4 uM each, dNTPs
were added at a final concentration of 200 uM each, 3 uL. of
each of the gel-purified reaction products of Reactions A and
B were added as template and 2.5 units of PfuUltra II poly-
merase were added. PCR Reaction SP was performed in a
RoboCycler® Gradient 96 thermocycler (Stratagene,
Lalolla, Calif.) using the following cycling parameters: 1
cycle of 1 min. at 95° C.; 30 cycles of 30 sec. at 95° C., 30 sec.
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at55°C.,and 30 sec. at 72° C.; 1 cycle of S min. at 72° C.; and
ahold at 6° C. The product of this reaction was purified using
the QIAGEN QIAquick PCR Purification Kit (QIAGEN,
Valencia, Calif.) according to the vendor protocol, and was
analyzed by agarose gel electrophoresis. A strong band was
observed at a position consistent with the expected size of the
product of the PCR splicing reaction, 1295 bp.

This PCR product was digested with Bglll and BamHI and
ligated with BamHI-digested pDDS57 and pDDSS. Ligation
products were used to transform E. coli TOP10 (Invitrogen,
Carlsbad, Calif.) and transformants that had acquired tetra-
cycline resistance were selected by plating at 30° C. on LB
plates containing 10 pg/ml. tetracycline. Resulting tetracy-
cline-resistant transformants were screened by diagnostic
PCR reactions and restriction digests to confirm the presence,
and determine the orientation, of the tetR gene. Plasmids
having the desired structure were identified and designated
pDD61 (pDD57:tetR) (SEQ ID NO:143) and pDD62
(pDD58::tetR) (SEQ ID NO:144). Diagrams of these plas-
mids are shown in FIG. 8H. The analogous insertion of the
tetR gene was made into the BamHI site of vector pDD54 to
generate pDD63; shown in FIG. 81. This plasmid can serve as
a TcR vector-only control for experiments with any of the
TcR plasmids that express cloned K4 genes.

The synthetic gene set contains restriction sites that allow
non-polar deletions of any gene(s) of interest to be created.
The set of four genes kfoDIEH was deleted by deletion of a
single 4.2 kb EcoRI fragment. This 4.2 kb EcoRI fragment
was deleted from expression plasmids pDD57 and pDD58
and from their respective TcR derivatives, pDD61 and
pDD62 which are described above. These four plasmids,
shown in FIGS. 8G and 8H, all contain 3 EcoRI sites. Two
sites define the 4.2 kb fragment of interest and the third site
cleaves within the coding sequence of the plasmid gene that
confers chloramphenicol-resistance (CmR). Each of these
plasmids was digested to completion with EcoRI and the
resulting digestion products were religated. Following trans-
formation with the ligation products, CmR transformants
were selected and analyzed by restriction endonuclease
digestion. Plasmids deleted for the 4.2 kb EcoRI fragment
were readily obtained in all instances. Plasmids pDD59,
pDD60, pDD67 and pDD66 are the 4.2 kb EcoRI fragment
deletion derivatives of pDDS57, pDD358, pDD61 and pDD62,
respectively, and all are deleted for the kfoDIEH genes. These
plasmids are depicted in FIG. 8J.

Western blot analyses of expression of the cloned K4 genes
(See Example 5 below) indicated that in E. coli strains con-
taining pDD66, the expression of the kpsFEDUCS genes was
less than optimal. Therefore, pDD66 was modified to incor-
porate a promoter (Pm) in the intragenic region between kfoG
and kpsF. In pDD66, this intergenic region contains a unique
Pacl site and two Clal sites as shown in FIG. 8K. Digestion
with Pacl and Clal, excises 2 fragments, a 34 bp Clal fragment
and a 12 bp Clal-Pacl fragment and leaves the larger vector
fragment with Clal and Pacl ends. A 127 bp Pacl-Clal DNA
fragment having the sequence:

(SEQ ID NO: 80)
TTAATTAATGTTTCTGTTGCATAAAGCCTAAGGGGTAGGCCTTTCTAGAG

ATAGCCATTTTTTGCACTCCTGTATCCGCTTCTTGCAAGGCTGGACTTAT
CCCTATCAAACCGGACACTGCATCGAT,

was inserted into the Clal-Pacl digested pDD66 vector frag-
ment to generate pBR1052. The added 127 bp Pacl-Clal
fragment includes a copy of the Pm promoter sequence. As
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shown in FIG. 8K, in pBR1052 the added copy of the Pm
promoter is oriented so that transcription initiation at this
promoter can result in RNA transcripts that include the kps-
FEDUCS genes.

Expression plasmids, pDD66 and pBR1052 have been
described above. To construct gene replacement vectors in
order to insert the K4 chondroitin biosynthetic genes into the
chromosome (as described in Example 10 below), the K4
chondroitin biosynthesis genes from pDD66 and pBR1052
were cloned into the pMAK-CL replacement vector which is
described above in Example 3. The pMAK-CL vector, dia-
gramed in FIG. 8L, contains cloned DNA regions upstream
and downstream of the colanic acid (CA) gene cluster and a
unique Ascl cloning site at the junction of these regions. As
detailed in Example 3, this vector was used to construct a
deletion of the entire CA gene cluster in £. coli K-12 W3110
to generate strain MSC188. The K4 gene expression cassettes
were excised and gel-purified, using the QIAEX II Gel
Extraction Kit (Qiagen Inc., Valencia, Calif.) according to the
vendor protocol, from pDD66 and pBR1052 as approxi-
mately 19 kb Ascl fragments and these fragments were
ligated with pMAK-CL DNA that was Ascl-digested, phos-
phatase-treated, and gel-purified. Transformants were
selected for resistance to tetracycline. The gene conferring
resistance to tetracycline is present on the Ascl fragments of
pDD66 and pBR1052, along with the Pm promoter and the
upstream and downstream transcription terminator
sequences. Derivatives of pMAK-CL that contained the Ascl
fragments of pPBR1052 or pDD66 were identified and desig-
nated pDD74 and pDD76 respectively. These plasmids are
diagramed in FIG. 8L.

DNA regions upstream (5') and downstream of (3') the E.
coli thuA gene were cloned by PCR, assembled and
sequenced, and this deletion fragment moved into the
pPMAK?705 suicide plasmid to create a replacement vector for
the thuA locus termed pMAK705-AfthuA, or pDD73 (FIG.
8M). DNA segments upstream and downstream of the thuA
gene were amplified by PCR from genomic DNA prepared
from E. coli K-12 strain W3110 (See Example 3) and these
two fragments were subsequently joined together by a sub-
sequent PCR splicing reaction. This procedure facilitated the
addition of a Pstl site at the junction of the upstream and
downstream DNA segments.

In the initial round of PCR one reaction (Reaction A)
employed primers DHD236 (SEQ ID NO:108) and DHD237-
S(SEQ ID NO:109) to amplify approximately 800 bp of DNA
upstream of the thuA gene and a second reaction (Reaction B)
employed primers DHD238-S (SEQ ID NO:110) and
DHD239 (SEQ ID NO:11) to amplify approximately 950 bp
of DNA downstream of the thuA gene. Sequences of these
primers are as follows:

DHD236

(SEQ ID NO: 108)
5>CGCAAGCTTCGTACCGAAAGATCAGTTGC>3
DHD237-8

(SEQ ID NO: 109)
5>CCAAAAGAGAAATCTGCAGTAGATGGGATGTTATTTTACCG>3
DHD238-8

(SEQ ID NO: 110)
5>ACATCCCATCTACTGCAGATTTCTCTTTTGGGGCACGG>3
DHA239

(SEQ ID NO: 111)

5>GCTCTAGACATCTGCCATAACAACGGAG>3
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PCR Reaction A was performed using PfuUltra IT poly-
merase (Stratagene, Lalolla, Calif.). In a 50 uL reaction, Pfu
reaction buffer (supplied by the vendor) was added to a final
concentration of 1x, primers were added to a final concentra-
tion of 0.4 uM each, dNTPs were added at a final concentra-
tion of 200 uM each, 50 ng of W3110 genomic DNA was
added as template and 2.5 units of PfuUltra II polymerase
were added. PCR Reaction A was performed in a RoboCy-
cler® Gradient % thermocycler (Stratagene, Lalolla, Calif.)
using the following cycling parameters: 1 cycle of 1 min. at
95° C.; 30 cycles of 1 min. at 95° C., 1 min. at 55° C., and 1
min. at 72° C.; 1 cycle of 4 min. at 72° C.; and a hold at 6° C.

PCR Reaction B was performed using Herculase poly-
merase (Stratagene, Lalolla, Calif)). In a 50 pL. reaction,
Herculase reaction buffer (supplied by the vendor) was added
to a final concentration of 1x, primers were added to a final
concentration of 0.4 uM each, dNTPs were added at a final
concentration of 200 uM each, 25 ng of W3110 genomic
DNA was added as template and 2.5 units of Herculase poly-
merase were added. PCR Reaction B was performed in a
RoboCycler® Gradient 96 thermocycler (Stratagene,
LaJolla, Calif.) using the following cycling parameters: 1
cycle of 2 min. at 92° C.: 33 cycles 0f 30 sec. at 95° C., 30 sec.
at50°C., and 1 min. at 72° C.; 1 cycle of 10 min. at 68°C.; and
a hold at 6° C.

The products of these reactions were purified using the
QIAGEN QIAquick PCR Purification Kit (QIAGEN, Valen-
cia, Calif.) according to the vendor protocol, and analyzed by
agarose gel electrophoresis. The sizes of PCR products
observed were consistent with the expected sizes for the
products of both Reaction A (832 bp) and Reaction B (949
bp). These fragments were excised from the gel and eluted
from the gel slices using the QIAquick Gel Extraction Kit
(QIAGEN Inc., Valencia, Calif.) according to the vendor pro-
tocol and recovered in 30 pL. of EB elution buffer. The gel-
purified fragments served as templates in the subsequent PCR
splicing reaction; Reaction SP. In a 50 uL. reaction, Pfu reac-
tion buffer was added to a final concentration of 1x, primers
were added to a final concentration of 0.4 uM each, dNTPs
were added at a final concentration of 200 uM each, 3 uL. of
each of the gel-purified reaction products of Reactions A and
B were added as template and 2.5 units of PfuUltra II poly-
merase were added. PCR Reaction SP was performed in a
RoboCycler® Gradient 96 thermocycler (Stratagene,
LaJolla, Calif.) using the following cycling parameters: 1
cycle of 1 min. at 95° C.; 33 cycles 0f 30 sec. at 95° C., 30 sec.
at60° C.,and 40 sec. at 72° C.; 1 cycle of S min. at 72° C.; and
a hold at 6° C. The product of this reaction was analyzed by
agarose gel electrophoresis. A strong band was observed at a
position consistent with the expected size of the product of the
PCR splicing reaction, 1750 bp. This band was excised from
the gel using the QI Aquick Gel Extraction Kit (QIAGEN Inc.,
Valencia, Calif.) according to the vendor protocol. This frag-
ment was then cloned into the pCR-Blunt II-TOPO cloning
vector (Invitrogen, Carlsbad, Calif.) according to the vendor
protocol and the sequence of the cloned Pstl fragment was
determined (SEQ ID NO: 112).

This sequence matched the expected sequence for the DNA
segments upstream and downstream of the thuA gene based
on the reported genome sequence for W3110 (GenBank,
AP009048) and showed the addition, at the junction of the
upstream and downstream segments, of the 6 bp Pstl site
derived from primers DHD237-S and DHD238-S. It also
confirmed the addition of a HindIII site at the 5' end of the
upstream DNA segment and an Xbal site at the 3' end of the
downstream DNA segment which derive from primers
DHD236 and DHD239 respectively. The sequence-verified



US 9,175,293 B2

57
PCR fragment was excised from the pCR-Blunt II-TOPO
vector and gel-purified as a HindI1I-Xbal fragment of 1739 bp
and ligated with the temperature-sensitive pMAK705 vector
(See Example 3) which was digested with HindIII and Xbal
and treated with Antarctic Phosphatase (New England
BioLabs, Ipswich, Mass.) according to the vendor protocol.
Ligation products were used to transform E. coli NEB5a
(New England BioLabs, Ipswich, Mass.) and chlorampheni-
col-resistant transformants obtained from plating at 30° C.,
the permissive temperature for pMAK705 replication, were
analyzed by digestion with Pstl, and Xbal plus HindIII, to
identify those recombinants carrying the 1739 Xbal-HindIII
bp fragment containing the cloned DNA regions upstream
and downstream of the E. coli thuA gene. One such recom-
binant plasmid was designated as pDD73 (FIG. 8M) and was
used in subsequent experiments.

The xylS regulatory gene was cloned into the pDD73
replacement vector as follows. The xylS gene was excised
from pDD42 as a Pstl fragment and cloned into the Pstl site of
pDD73 to generate pDD77, which is diagramed in FIG. 8N.
The Pstl fragment of pDD77 that contains the xylS gene is
identical to the xylS-containing Pstl fragment present in
expression plasmids pDD66 and pBR1052, the parent vector
pDD54 and pDD63 the tetracycline resistant derivative of
pDD54.

As detailed in Example 10 below, a synthetic optimized
version of the xylS gene promoter, ribosome binding site, and
5" untranslated region (UTR) was designed and synthesized,
and those modified sequences were introduced into the xylS
replacement vector pDD77 and subsequently into the chro-
mosome. A 257 bp Blpl-Bglll fragment (SEQ ID NO:140)
was synthesized by a commercial vendor (DNA2.0) and the
synthetic DNA containing the modified sequences was
cloned into the xylS replacement vector, pDD77, as a Blp
1-Bgl II fragment in place of the native Blp I-Bgl II fragment
containing the native xylS regulatory sequences. The plasmid
containing the modified xylS was termed pDD79 (FIG. 8N).

A replacement vector was constructed in order to insert a
copy of the kftoABCFG gene segment into the £. coli K-12
chromosome at the thuA locus. The kfo ABCFG gene seg-
ment (without the Pm promoter) was excised from pCX039
on a Pstl fragment and this fragment was cloned into the
compatible Nsil site of pDD79 which is unique in this plas-
mid. In the resulting plasmid, pDD80 (FIG. 80), the kfo AB-
CFG genes are transcribed by the synthetic xylS promoter,
which was designed to be a strong constitutive promoter.

Deletion derivatives of the pDD66 and pDD67 expression
plasmids were constructed in order to evaluate the roles of
individual genes or groups of genes. Construction of these
derivatives utilized the flanking restriction enzyme sites
designed into the synthetic K4 gene fragments as described
above. The kpsC gene (K4 region 1) was deleted from pDD66
by digestion 0f'0.6 g DNA with 10 U Sacl for 2hoursina 10
uL reaction followed by heat treatment of the reaction (to
inactivate the enzyme) and ligation (with 1 mM ATP plus T4
DNA ligase) in a 12 pl reaction. Half of this reaction was
transformed into . coli DHS5a (Invitrogen) with plating to
LB Tc5 at 30° C. In pDD66, the kpsC gene is flanked by Sacl
sites, but there is also a third Sacl] site in the vector such that
digestion results in a third fragment containing the tetR gene
but not the plasmid origin of replication. Therefore, TcR
transformants were expected to contain plasmids comprised
of at least the vector/origin fragment plus the tetR fragment.
Transformants were screened for plasmids containing these
two Sacl fragments but lacking the kpsC Sacl fragment, and
candidate pDD66AkpsC clones were further screened by Sall
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digestion for those with the desired orientation of the former
two Sacl fragments. One such plasmid was named pCX045
(FIG. 8P).

The kpsT gene (K4 region 3) in pDD66 is flanked by Mlul
restriction sites and there are no other Mlul sites in the plas-
mid. Using steps similar to those described above, pDD66
was digested with Mlul followed by re-ligation to generate a
pDD66AkpsT derivative that was named pCXO048. (FIG. 8P)

Plasmid pCX039 was created from pDD67 (described
above, see FIG. 8]) by deletion of the K4 regions 1 and 3
genes. Plasmid pDD67 (1.5 pg) was digested simultaneously
with enzymes Pmll and MIul (10 U each), followed by treat-
ment with T4 DNA polymerase (1.5 U) plus dNTPs (150 uM
each) at 12° C. for 15 min. to fill in the overhangs (leaving
blunt ends) generated by Mlul. Pmll digestion leaves blunt
ends. Treated pDD67 was subsequently incubated with T4
DNA ligase and transformed into E. coli TOP10 (Invitrogen)
followed by selection for Tet-resistance and screening for
Cme-resistance. Colony PCR on 48 double antibiotic resistant
colonies was performed with primers DHD229 and DHD231.

DHD229
(SEQ ID NO: 81)
AAGGCGACAAGGTGCTGATG
DHD231
(SEQ ID NO: 82)
CAATGCGACGGATGCTTTCG

Fourteen of the 48 isolates yielded PCR products approxi-
mating the 678 bp expected for the desired construct as deter-
mined by agarose gel electrophoresis. The plasmids in six of
eight selected candidates were of expected size (by agarose
gel electrophoresis), and two chosen plasmid isolates con-
tained the desired DNA sequence at the Pmll/Mlul junction.
One plasmid was named pCX039 (FIG. 8Q). It contains xylS
plus the K4 region 2 genes kfoABCFG driven by the Pm
promoter.

The kfoB gene in pCX039 (plus its ribosome binding site)
is closely flanked by BstBI restriction sites, and there is a third
BstBI site in the vector backbone. Therefore, digestion of
pCX039 with BstBl results in three fragments: the kfoB gene
fragment, a large fragment encompassing the plasmid repli-
cation origin, the Tet-resistance gene, and the kfoCFG genes,
and a fragment containing the Cm-resistance gene plus
Pnv/kfoA (see FIG. 8Q). To create a derivative of pCX039
lacking the kfoB gene, plasmid (600 ng) was completely
digested with BstBI (10 U) for 90 min. at 65° C. The enzyme
was removed from the reaction with the MinElute kit
(QIAGEN) with a final elution in 12 pl. Elution Buffer.
Approximately 250 ng (5 pL) of this digest was incubated
with T4 DNA ligase and transformed into E. coli DHS5a
(Invitrogen) with selection for Cm-resistance. By selecting
for Cm-resistance, plasmids containing at least the large vec-
tor fragment (i.e., kfoCFG/origin) plus the Cm/Pm/kfoA
fragment should be obtained. Plasmids in 8 selected transfor-
mants were analyzed by restriction digests, and 5 were found
to be lacking the kfoB BstBI fragment and to have the other
two fragments in the desired relative orientation. The plasmid
in one such isolate was named pCX044 (FIG. 8Q; xylS plus
kfo ACFG). One skilled in the art will recognize that an iden-
tical plasmid structure could be obtained by partial plasmid
digestion with BstBI enzyme.

As described above in this Example, plasmids pDD66 and
pDD67 contain 13 K4 genes in different arrangements:
pDD66—Pv/kpsMT/kfoABCFG/kpsFEDUCS; pDD67—
Pnv/kpsFEDUCS/kpsMT/kfoABCFG. Most of the K4 genes
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(together with their respective ribosome binding sites) in
these plasmids are closely flanked by pairs of restriction
enzyme sites that cut only two or three times within the
plasmids. These features (and other sequence elements
described above) allow for selective, non-polar deletion of
individual K4 genes. Using the steps described above for the
creation of pCX044 from pCX039, AkfoB derivatives of
pDD66 and pDD67 were generated, and these plasmids,
depicted in FIG. 8R, were designated pCX040, and pCX042,
respectively. The kfoG genes in pDD66 and pDD67 are
closely flanked by Nhel restriction sites, but in each plasmid
there is a third Nhel site in the coding region for the tetracy-
cline resistance gene. For generation of AkfoG derivatives of
pDD66 and pDD67, an approach analogous to that for the
generation of the AkfoB derivatives was utilized: complete
digestion with Nhel, ligation, and selection for Tet-resistant
transformants of £. coli. This approach selects for regenera-
tion of the tetracycline resistance gene along with the plasmid
replication origin. Plasmids in resulting transformants were
screened for absence of the kfoG Nhel fragment, and pCX041
(pDD66 AkfoG) and pCX043 (pDD67 AkfoG) were identi-
fied and are shown in FIG. 8S. One skilled in the art will
recognize that identical plasmid structures could be obtained
by partial plasmid digestion with BstBI or Nhel enzymes.

Example 5

Antibodies that Recognize K4 Capsule Biosynthesis
Proteins

Production of Antibodies:

Antibodies directed against 15 of the proteins that are
encoded by the K4 chondroitin biosynthetic gene cluster were
produced as described below. These antibodies can be used to
assess expression of the cloned K4 chondroitin biosynthetic
genes in the alternative hosts and in the native E. coli K4
strains. They can also be used to assess region 1 and region 3
gene expression in other group 2 capsule producing F. cofi
and potentially used with other serogroup K4 E. coli to assess
region 2 gene expression. Antibodies were generated as fol-
lows.

PCR primers were designed to amplify a series of polypep-
tides, or complete proteins, on the order of about 20-30 kDa
each in size, corresponding to the 17 genes identified in the
K4 capsule gene cluster. The initial set of PCR primers were
based on the sequence of the U1-41 K4 capsule gene cluster
as determined in Example 1. In some instances, cloned PCR
fragments were sequence-verified and then subcloned into
pQE30 (Qiagen, Inc., Valencia, Calif), an E. coli plasmid
vector, for high level expression in . coli. Alternatively, PCR
fragments were cloned directly into the expression vector and
then sequenced. The pQE30 vector employs a strong bacte-
riophage T5 promoter under control of the Lacl repressor
protein to achieve high levels of IPTG inducible expression in
E. coli. The vector is designed to fuse a poly-His tag at the
amino-terminus of the cloned polypeptide in order to facili-
tate purification. Initially, antigens derived from KpsM,
KpsF, KpsE, KpsS, KfoC, KfoH and KfoC were expressed in
the pQE30 vector as His-tagged polypeptides and antigens
derived from KpsD, KpsU, KpsC, KfoD, Kfol, KfoE and
KfoF were expressed without the His-tag. The constructs
lacking the His tag were created by cloning into a derivative
of pQE30, termed pQE30-dH, in which the sequence encod-
ing the His residues was deleted. Subsequent expression
experiments indicated that the His tag was required for effi-
cient expression of the polypeptide antigens derived from
KfoC, KfoH and KfoG, but that other antigens were effi-
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ciently expressed in pQE30-dH as non-tagged forms. There-
fore, most antigens were expressed in the non-tagged forms in
order to avoid the possibility of obtaining antisera that recog-
nized an epitope present on the injected antigen but not
present in the native target protein.

For expression of antigens, cultures containing antigen
sequences cloned into pQE30 or pQE30-dH typically were
grown at 37° C. in Luria Broth to mid-log phase, and then
induced by the addition of 1 mM IPTG. Typically, 4 hours
post-induction, cells were harvested and fractionated into
soluble and insoluble fractions using BugBuster® Protein
Extraction Reagent (Novagen, Madison, Wis.). a detergent-
based lysis system, according to the vendor protocols. Typi-
cally, over-expression in the TS5 promoter system leads to
accumulation of the expressed polypeptide in an insoluble
form within the E. coli cytoplasm although some expressed
polypeptides are accumulated in a soluble form. The KpsU-
derived antigen was expressed in a soluble form; all other
antigens were found to partition to the insoluble fraction.
Often, the recombinant protein is the predominant polypep-
tide in the insoluble fraction generated by the BugBuster®
lysis and extraction procedure. For immunization purposes,
expression of these polypeptide antigens was performed in
100 ml shake-flask cultures. Following lysis of induced cul-
tures, insoluble fractions of all cultures (except the KpsU
antigen-expressing culture) were run on preparative gels. In
the case of KpsU antigen, the polypeptide antigen partitioned
to the soluble fraction of the cell lysate and therefore that
soluble fraction was run on preparative gels. The gel regions
containing the protein of interest were excised and sent to the
commercial vendor, Open Biosystems (Huntsville, Ala.) for
further processing and subsequent immunization of rabbits to
produce antisera.

In the initial experiments, 12 antigens were deemed to be
sufficiently well expressed to warrant purification of the anti-
gen. These 12 antigens were derived from KpsE, KpsD,
KpsU, KpsC, KpsS, KpsT, KfoA, KfoB, Kfol (Orf3), KfoE,
KfoH (Orfl) and KfoF. Antigens derived from the protein
sequences of KpsF, KpsM, KfoC, KfoD, and KfoG were not
expressed or were poorly expressed. The polypeptide
sequences of poorly expressed antigens were analyzed with
respect to codon usage, and physical properties such as
hydrophobicity and calculated pl. Comparison to these same
properties as determined for the well-expressed polypeptide
antigens did not reveal any clear correlations. Codon usage
was unfavorable in some poorly expressed antigens, such as
KfoG, but it was also unfavorable in other well-expressed
antigens. The KpsM antigen was extremely hydrophobic and
that could potentially aftect stability of the expressed antigen,
but because KpsM is an integral membrane protein, its entire
sequence is very hydrophobic and any polypeptide of signifi-
cant size derived from KpsM will be highly hydrophobic.

Additional antigen coding sequences were derived from
the synthetic, codon-optimized, genes for KpsM, KpsF,
KfoC, and KfoG using the synthetic K4 gene set described
above in Example 2. PCR products derived from the synthetic
DNA template were cloned into pQE-30, the 6X-His tag
vector, and tested for expression. Synthetic sequence KfoC,
KfoG, and KpsF antigens were found to have high, or mod-
erately high, accumulation when expressed in the pQE-30
vector with a 6X-His tag. These antigens were gel-purified
from induced cultures as described above and sent to Open
Biosystems (Huntsville, Ala.) for antisera production in rab-
bits. Synthetic sequence KpsM antigen with a 6X-His tag was
not expressed at detectable levels as determined by Coo-
massie staining of induced cultures.
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Antisera from immune rabbits were tested by western blot
for titer and for specificity using cell extracts from induced
antigen-expressing F. coli strains. All antisera recognized
their respective antigens in these western blots. Titers for use
were typically 1:1500 with acceptable non-specific back-
ground. Examples of results from western blots performed
using these antisera are shown in FIG. 9.

As shown in FIG. 9, some antisera (e.g. anti-KfoA, anti-
KpsD and anti-KpsS) identified the target protein band in
strains carrying the cloned K4 genes with little or no observ-
able non-specific reactivity to other E. coli proteins. In other
antisera (e.g. anti-KpsC and anti-KpsF) more non-specific
binding was observed, but the target proteins could be clearly
identified by comparison to E. coli control strains lacking the
cloned K4 genes. Most antisera identified single protein
bands as their specific targets in western blots, but in some
instances (e.g. KfoC) multiple bands were specifically recog-
nized. The KfoC polypeptide appeared to undergo some pro-
teolyic breakdown or processing either intracellularly or dur-
ing processing of extracts prior to the western blot, and a
doublet band, as indicated in FIG. 9. was consistently
observed.

Thus, antisera that could detect KpsF, KpsE, KpsD, KpsU,
KpsC, KpsS, KpsT, KfoA, KfoB, KfoC, Kfol (Orf3), KfoE,
KfoH (Orfl), KfoF and KfoG in E. coli K4 strains, and in
recombinant strains expressing the cloned K4 capsule gene
cluster, and in native E. coli strains that might contain some or
all of these genes were successfully raised.

The amino acid sequence of the recombinantly-expressed
polypeptide that was used to immunize rabbits to generate
antisera that recognized the indicated proteins is given below.
The antigens that were expressed in the pQE30-dH vector
contain an added MGS sequence at the amino-terminus of the
expressed polypeptide which is derived from the plasmid
expression vector and is not present in the sequence of the
target protein. Antigens that were expressed in the pQE30
vector by cloning into the BamHI site contain an added MRG-
SHHHHHHGS (amino acids 1-12 of SEQ ID NO: 85)
sequence at the amino-terminus which is derived from the
plasmid expression vector and is not present in the target
protein. Antigens that were expressed in the pQE30 vector by
cloning into the Sacl site contain an added MRGSHHHHH-
HGSACEL (amino acids 1-16 of SEQ ID NO: 93) sequence
at the amino-terminus which is derived from the plasmid
expression vector and is not present in the target protein. The
amino-terminal sequences of the polypeptide antigens that
are derived from the expression vector DNA sequences are
shaded below.

KfoA-derived antigen (SEQ ID: NO: 83):
MESLNKGYNVVIIDNLINSSCESIRRIELIAKKKVTFYELNINNEKEVNQ

ILKKHKFDCIMHFAGAKSVAESLIKPIFYYDNNVSGTLQLINCAIKNDVA
NFIFSSSATVYGESKIMPVTEDCHIGGTLNPYGTSKYISELMIRDIAKKY
SDTNFLCLRYFNPTGAHESGMIGESPADIPSNLVPYILQVAMGKLEKLMV
FGGDYPTKDGT

KfoB-derived antigen (SEQ ID NO: 84):
MESWLAYNTALLHFFLNNRGRCLLVSSEQVKRNAEDCIQQLOHKLKLKFG

LSFSNTINHSLEQSVNDFKTAEASITLEKEHQEIMSLSGIDIGTGDIIFK

QSETEEYLIFNVLNDYPDCKELYFELQSNANTPLRVLEKENYKPSFIWET
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-continued
FIKQRQITLDIVNGLYQSSKKIILDNELHTSKQLNAYQAILKELSDSKEE
LIQYDLIIKNKTIQVQELEC

KfoC-derived antigen (SEQ ID NO: 85):
MRGSHHHHMHHGSAT SLNEVEKNEI ISKYREITAKKSERAELKEVEPIPLD

WPSDLTLPPLPESTNDYVWAGKRKELDDYPRKQLIIDGLSIVIPTYNRAK
ILAITLACLCNQKTIYDYEVIVADDGSKENIEEIVREFESLLNIKYVRQK
DYGYQLCAVRNLGLRAAKYNYVAILDCDMKLN

Kfol (Orf3)-derived antigen (SEQ ID NO: 86) :
M@GSVDLDNTISFNLSGKYSHATPNKKLIEKLYEYKLNGFYIVIFTARNMR

TYKENIGKINIHTLPVIIDWLNENRVPYDEVIVGKPWCGDEGFYVDDRAI
RPSELCNMTLEEISNMLEQEKKCF

KfoE-derived antigen (SEQ ID NO: 87):
M@SPEDFVFDKHDYEWLLRNKVTMI PVDSNLTLGQAIVTAWNLIGDKDDK

GLQLLFGDTLFKKIPAGDDLVAISHSDDNYQWSFFYETELRAVSREDNKN
VICGYFSFSKPNFFIREMVTGSFDFTAALKKYHDSYSLASIYVSDWLDFG
HINTYYKSKVQYTTQRAFNELCITTKSVIKSSSNESKIEAESKWFETIP

KfoH (Orfl)-derived antigen (SEQ ID NO: 88):
MREGSHHHHHHGSASLGINSYTLITILDKETRGQAETVYLAISKLFNIEQP

ITIFNIDTIRPNFIFTKFEGENECYIEVFRGDGDNWSFVMPSNDVKNEVI
ATSEKKQISNLCCTGLYHFSTIKNFISAYEHYKNLPQENWDAGELYIAPI
YNYLISNGIKVYYTEINKSDVIFCGTPREYENLQG

KfoF-derived antigen (SEQ ID NO: 89):
M@SVGFTERLKRDLNTNNIIFSPEFLREGKALYDNLYPSRIVVGESSERA

RKFAELLSEGAIKKDIPILLTDSPEAEAIKLFANTYLAMRIAYFNELDTY
ASVHGLDTKQIIEGVSLDPRIGQHYNNPSFGYGGYCLPKDTKQLLANYRD
VPONLIQAIVDANTTRKDFVAEDILSRKPKVVGIYRLIMKAGSDN

KfoG-derived antigen (SEQ ID NO: 90):
MRESHHHHHHESDDTLFRLORLALKDTRIKIISLPONVGTYAAKRIGLIQ

AKGEFVTCHDSDDWSHPEKLFRQISPLLLNPKLICSISDWVRLODNGIFY
ARAVYPLKRLNPSSLLFRRADVEQKAGVWDCVKTGADSEFIARLKLIFGD
STVHRIKLPLTLGSHRTDSLMNSPTTGYTSQGISPDRQKYWDSWSRWHIQ
ALRNKESLYIGNSDFTNKNRPFSAPDSILVDTNAIKTALQSAHVNFT

KpsT-derived antigen (SEQ ID NO: 91):
M@GSMIKIENETKSYRTPVGRHYVFKNLNIEIPSGKSVAFIGRNGAGKSTL

LRMIGGIDRPDSGKIITNKTISWPVGLAGGFQGSLTGRENVKFVARLYAK
QEELKEKIEFVEEFAELGKYFDMPIKTYSSGMRSRLGFGLSMAFKFDYYI
VDEVTAVGDARFKEKCAQLFKERHKESSFLMVSHSLNSLKEFCDVAIVFK
DDNAVSFHEDVQEGIEEYITEQNNY

KpsF-derived antigen (SEQ ID NO: 92):
MREGSHHHHHHEGSLATAMIHQRKFMPNDFARYHPGGSLGRRLLTRVADVMQ

HDVPAVQLDASFKTVIQRITSGCQGMVMVEDAEGGLAGI ITDGDLRRFME
KEDSLTSATAAQMMTREPLTLPEDTMIIEAEEKMQKHRVSTLLVTNKANK

VTGLVRIFD
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-continued
KpsE-derived antigen (SEQ ID NO: 93):
MRGSHHHHHHGSACELPEFALKFNQTVLKESERFINEMSHRIARDQLAFA
ETEMEKARQRLDASKAELLSYQDNNNVLDPQAQAQAASTLVNTLMGOKIQ
MEADLRNLLTYLREDAPQVVSARNAIQSLQAQIDEEKSKI TAPQGDKLNR

MAVDFEEIKSKVEFNTELYKLTLTSIEKTRVEAARKLK

KpsD-derived antigen (SEQ ID NO: 94):
M@SLNYLIKAGGVDPERGSYVDIVVKRGNRVRSNVNLYDFLLNGKLGLSQ

FADGDTIIVGPRQHTFSVQGDVFNSYDFEFRESSIPVTEALSWARPKPGA
THITIMRKQGLQKRSEYYPISSAPGRMLONGDTLIVSTDRYAGTIQVRVE
GAHSGEHAMVLPYGSTMRAVLEKVRPNSMSQMNAVQLYRPSVAQRQKEML
NLSLQKLEEASLSAQSSTK EEAS

KpsU-derived antigen (SEQ ID NO: 95):
MESMSKAVIVIPARYGSSRLPGKPLLDIVGKPMIQHVYERALQVAGVAEV

WVATDDPRVEQAVQAFGGKAIMTRNDHESGTDRLVEVMHKVEADIYINLQ
GDEPMIRPRDVETLLQGMRDDPALPVATLCHAISAAEAAEPSTVKVVVNT
RODALYFSRSPIPYPRNAEKARYLKHVGIYAYRRDVLONYSQLPESMPEQ
AESLEQLRLMSAGINIRTFEVAATGPGVDTPACLEKVRALMAQELAENA

KpsC-derived antigen (SEQ ID NO: 96)
MESORVRLIAENVSPQSLLRHVSRVYVVTSQYGFEALLAGKPVTCFGQPW

YAGWGLTDDRHPQSALLSARRGSATLEELFAAAYLRYCRYIDPQTGEVSA
LFTVLOWLQLQRRHLOORNGYLWVPGLTLWKSAILKPFLQTATNRLSFSR
RCTAASAGVVWGVKGEQOWVRAEAQRKSLPLWRMEDGFLRSSGLGSDLLP
PLSLVLDKRGIYYDATRPSELEVLLNHSQLTLAHQMRAEKLRQRLVESKL
SKYNLGA

KpsS-derived antigen (SEQ ID NO: 97):
MREGSHHHHHHGSACELCFGDCRLLHKEAKRWAKSKGIRFLAFEEGYLRPQ

FITVEEGGVNAYSSLPRDPDFYRKLPDMPTPHVENLKPSTMKRIGHAMWY
YLMGWHYRHEFPRYRHHKSFSPWYEARCWVRAYWRKQLYKVTQRKVLPRL
MNELDQRYYLAVLQVYNDSQIRNHSNYNDVRDYINEVMYSFSRKAPKESY
LVIKHHPMDRGHRLYRPLIKRLSKEYGLDERVIYVHDLPMPELLRHASLI

S

Example 6

The Synthetic Gene Set
[kpsFEDUCS +kpsMT+kfo ABCDIEHFG] Produces
Fructosylated Chondroitin when Expressed in E. coli
K-12

Plasmids pDD54 and pDDS58, described in Example 4
above, were transformed into MSC188 (E. coli K-12 strain
W3110 deleted for the colanic acid biosynthetic gene cluster
as described above in Example 3). The resulting strains,
MSC204 [MSCI188 (pDD54)] and MSC206 [MSC188
(pDD58)], were grown in shake flask cultures and tested for
chondroitin production. Strains were grown overnight from
fresh colonies in CYG medium (20 g/IL casamino acids, 5 g/L.
yeast extract. 2 g/I. glucose, pH 7.2) plus chloramphenicol
(20 pg/ml) at 30° C. and these cultures were diluted to OD
A600=0.05 in the same medium. At OD A600 of approxi-
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mately 0.1 (after approximately 1 hour), the inducer m-toluic
acid was added to a final concentration of 2 mM. At 4, 8, and
24 hours post-induction, OD A600 values were determined
and samples were taken for analysis. Culture ODs are given in
Table 6-1 below. For each strain at each time point, 10 mL
samples for polysaccharide analysis were autoclaved (121°
C., >15 psi, 5 min.) then stored frozen. Two 5 ml aliquots of
each strain at each time point were centrifuged and resulting
cell pellets were stored frozen for subsequent western blot
analyses.

As shown in Table 4A, the E. coli K-12 strains, MSC204
and MSC206, grew well after induction; at 24 hours post-
induction the ODs of both of these cultures were approxi-
mately 7. Culture samples from these experiments were
assayed using the HPLC-based. chondroitinase-dependent
assay for chondroitin and fructosylated chondroitin, as
described in detail in Example 14. Culture samples were
subjected to the defructosylation step (acid treatment) prior to
enzymatic digestion in these assays. Culture samples also
were assayed by an ELISA assay that is specific for fructo-
sylated chondroitin (Example 14). Assay results are shown in
Table 4A.

TABLE 4A

Growth and chondroitin production
in strains MSC204 and MSC206.

ELISA assay HPLC assay”®

OD chondroitin chondroitin
Strain time® A600 pg/mL pg/mL
MSC204 4 hr 1.56 0.0 n.d.©
MSC204 8 hr 2.58 0.0 n.d.
MSC204 24 hr 6.65 0.0 0
MSC206 4 hr 1.38 1.2 4.5
MSC206 8 hr 2.57 1.1 10.1
MSC206 24 hr 7.14 27.9 25.0

“post-induction
bdeﬁ’uctosylation step included in assay
“not determined

These results clearly demonstrate that recombinant E. coli
K-12 carrying pDD58 (strain MSC206) produces fructosy-
lated chondroitin. The detection of the polysaccharide by
ELISA demonstrates that the recombinant polysaccharide
produced in these strains is fructosylated chondroitin because
the antiserum used in the ELISA assay is specific for the
fructosylated form of chondroitin and does not recognize
unfructosylated chondroitin. The highest level of fructosy-
lated chondroitin production observed in this experiment was
approximately 25 pg/mL. Fructosylated chondroitin produc-
tion was consistently undetectable in the control strain
MSC204 that carried the vector-only plasmid, pDD54. There
are quantitative differences in fructosylated chondroitin val-
ues measured between the ELISA and the HPLC assays for
the MSC206 at 4 hr and 8 hr samples. These differences
probably reflect the lower sensitivity of the ELISA assay.
Typically, the higher the fructosylated chondroitin concentra-
tion in a given sample, the closer is the agreement between the
ELISA and the HPLC assays.

A subsequent experiment was performed to confirm the
production of fructosylated chondroitin by MSC206 and to
test the effect of inducer concentration on level of chondroitin
produced. A fresh overnight culture of MSC206 was diluted
to 0.05 OD A600 and grown at 30° C. in CYG medium plus
chloramphenicol (20 pg/ml) to an OD A600 of approxi-
mately 0.1. Aliquots of the culture were then induced by
addition of m-toluic acid to a final concentration 0of0, 0.5, 1.0,
or 2.0 mM. Cultures were grown for 24 hours post-induction
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atwhich point ODs were measured and samples were taken as
described above for polysaccharide assays. Also at 24 hours
post-induction, aliquots of each culture were diluted and
plated on LB to quantitate total viable cells and on LB plus
chloramphenicol (17 pg/ml) to quantitate plasmid-contain-
ing viable cells. Growth and chondroitin production of these
cultures are summarized in Table 4B.

TABLE 4B

Effect of inducer concentration on growth
and chondroitin production in MSC206.

Inducer concentration

0 0.5 mM 1.0 mM 2.0 mM

OD A600 at 24 hr 3.08 2.99 2.91 2.29
cfwmL LB 1.77x10°  235x10°  1.77x10°  0.81x 10°
cfwmL LB + 6.55x10%  6.58x10%  5.66x 10°5  3.00x 10®
cmt7?

% Cm-resistant 27% 28% 32% 37%
ELISA assay: 74 pg/mL 223 pg/mL. 30.5 pg/mL. 12.3 pg/mL
chondroitin

HPLC assay*: 9.7 pg/mL 25.1 pg/mL. 31.1 pg/mL.  17.5 pg/mL
chondroitin

*defructosylation step included in assay

As shown in Table 4B, in this experiment, only the highest
level of inducer had a negative effect on growth and viable cell
numbers at 24 hours. In this experiment, the expression plas-
mid, pDDS58, was not stably maintained, even though the
strain was grown in the presence of the selective antibiotic,
chloramphenicol. There appears to be significant loss of plas-
mid at the 24 hour time point as evidenced by lower titers of
colony-forming-units obtained when samples were plated on
LB+Cm'” plates as compared to LB plates. However, the
fraction of plasmid-containing cells was not affected signifi-
cantly by inducer concentration. Results of the ELISA assay
confirm production of fructosylated chondroitin in MSC206
and are consistent with the results obtained using the HPL.C
assay when the de-fructosylation step is included. The
samples with the highest chondroitin titers showed the best
agreement between ELISA and HPLC assays. These results
also demonstrate the production of fructosylated chondroitin
even in the absence of induction by m-TA addition. However,
all induced cultures produced more fructosylated chondroitin
than the uninduced culture, with the highest level of fructo-
sylated chondroitin being produced by the culture that was
induced with 1.0 mM m-TA.

Example 7

Expression of Gene Set
[kpsFEDUCS+kpsMT+kfo ABCFG] Produces
Unfructosylated Chondroitin when Expressed in E.
coliK-12 or E. coli B

The kfoB and kfoG Genes are not Essential for
Production of Unfructosylated Chondroitin, but kfoG
is Required for Optimal Production

Prior to this work, the genes that encode proteins respon-
sible for fructosylation of the K4 capsular polysaccharide had
not been identified. No function had been identified for the
proteins encoded by many of the genes present in region 2 of
the K4 capsule gene cluster: kfoB, kfoG, kfoD, kfoE, kfoH
(orfl) and kfol (ort3).
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The genes present within region 2 of group 2 E. coli cap-
sules are all typically involved in synthesis of the polysaccha-
ride or the sugar nucleotide precursors of the polysaccharide
(Whitfield 2006). As noted above (Example 1), the kfoB and
kfoG genes encode proteins that are homologous to those
encoded by genes present in capsule clusters of bacteria
known to produce other glycosaminoglycan capsules. This
circumstantial evidence suggests a potential role for kfoB and
kfoG in biosynthesis of glycosaminoglycan capsules. In con-
trast, prior to the present invention, no evidence implicated
kfoD, kfol, kfoE and kfoH genes as being involved in bio-
synthesis of the chondroitin backbone of the K4 capsular
polysaccharide. The present inventors hypothesized that the
kfoD, kfol. kfoE and kfoH genes might encode proteins that
are involved in fructosylation of chondroitin although others
have hypothesized that the kfoD and kfoE genes were prob-
ably not involved in fructosylation (Ninomiya et al., 2002 and
Krahulec et al., Molec. Biotech., 2005; 30:129-134). To test
that hypothesis, recombinant plasmids were constructed that
did not contain the kfoDIEH gene set but did contain kpsFE-
DUCS, kpsMT and kfoABCFG genes. Two such plasmids,
termed pDD66 and pDD67, were constructed as described in
Example 4 above. These two plasmids also contain a gene
conferring tetracycline resistance, so that tetracycline can be
used in cell cultures to select for plasmid maintenance. A
derivative of pDD58, termed pDD62, was also constructed as
a control plasmid. The pDD62 plasmid, described in detail in
Example 4 above, contains kpsFEDUCS, kpsMT and kfo AB-
CDIEHFG genes and also contains a gene that confers resis-
tance to tetracycline.

To determine if deletion of the kfoDIEH genes affected
biosynthesis of the fructosylated chondroitin, pDD62,
pDD66 and pDD67 were transformed into MSCI188 or
MSC175 (W3110Awcal described in Example 3 above) and
the resulting strains were cultured and assayed for production
of fructosylated chondroitin and unfructosylated chondroitin.
Strains MSC274 (MSC175+pDD62), MSC279 (MSC188+
pDD66) and MSC280 (MSC188+pDD67) were grown in
CYG medium in shake flasks at 30° C. with 2 pg/ml tetra-
cycline (Tc) and induced with 1 mM m-TA as indicated.
Cultures were sampled at 24 hours post-induction as
described above, autoclaved, centrifuged and the resulting
supernatants were assayed by the HPLC assay with, or with-
out, a de-fructosylation step.

As shown in Table S5A below, all strains produced chon-
droitin, but the chondroitin polysaccharide produced by
strains containing plasmids pDD66 or pDD67 shows no evi-
dence of fructosylation. That is, the chondroitin titers mea-
sured by HPL.C for MSC279 and MSC280 samples are not
significantly different for the samples subjected to the de-
fructosylation step sample as compared to the samples that
were not subjected to the de-fructosylation step. In contrast,
very little chondroitin is observed when the MSC274 sample
is assayed without the de-fructosylation step. Significant
chondroitin is only detected in the MSC274 sample that was
subjected to the de-fructosylation step. As detailed in
Example 14, fructosylated chondroitin is not digested by the
chondroitinase that is used in the HPLC assay, and is there-
fore not detectable by this assay. These data clearly demon-
strate that one or more of the kfoDIEH genes must be required
for fructosylation of chondroitin, but none of these genes
isrequired for chondroitin biosynthesis. These results again
demonstrate that chondroitin is produced in the absence of
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induction by m-TA, but that the induced cultures produced
more chondroitin than the uninduced cultures. Surprisingly,
the titers of non-fructosylated chondroitin produced by both
MSC279 and MSC280 are greater (2.5- to 4-fold), than titer
of fructosylated chondroitin produced by MSC274. This
result suggests that the fructosylation event reduces the effi-
ciency of chondroitin production. This is consistent with the
observation that in vitro, fructosylated chondroitin is a poor
substrate for the KfoC enzyme (chondroitin polymerase) as

68
TABLE 5B

Production of recombinant chondroitin in E. coli B.

OD cfwml % chondroitin®
Strain Plasmid  TimeP-I ~ A600  (x10%) Tc¢"  (ug/mL)
MSC314 pDD63 48 h 10.8 7.8 100 0
MSC315 pDD66 42h 7.72 5.1 49 394
MSC316 pDD67 48 h 6.70 4.1 56 280

compared to unfructosylated chondroitin (Lidholt and Fjel- 10 “HPLC method without de-fructosylation treatment

stad, J. Biol. Chem. 1997, 272:2682-2687).
TABLE 5SA

Production of unfructosylated chondroitin in E. coli K-12.

OD A600 cfu/mL cfu/mL chondroitin (ug/ml.)

Strain m-TA at 24 hr LB LB+Tc %Tc¢ +de-fruc® no de-fruc.?
MSC274 0 2.62 1.16 x 10° 0.81x10° 70 4.1 6.1
MSC274 1mM 276 1.39x 10° 0.95x10° 68 15.6 0.2
MSC279 0 2.74 1.32x 10° 1.00x10° 76 17.1 nd.f
MSC279  1mM 2.61 0.90x 10° 0.86x10° 96 37.1 37.7
MSC280 0 2.72 1.43x 10° 0.97x10° 69 15.8 n.d.
MSC280 1mM 3.03 1.48x 10° 1.12x10° 76 54.4 59.9

“subjected to defiuctosylation treatment; 80° C. at pH 1.5 for 30 minutes
Pnot subjected to defructosylation treatment
“not done

These strains show improved plasmid retention, i.e., reten-
tion of antibiotic resistance, as compared to strain MSC206.
See Table 4B in Example 6 above for MSC206 plasmid reten-
tion data. This probably reflects the use of tetracycline vs.
chloramphenicol for selection of the plasmid. Additional
experiments could be performed to optimize the concentra-
tion of tetracycline, or other preferred antibiotic, used in order
to maximize plasmid retention, without impairing cell
growth, to achieve maximal chondroitin production.

Plasmids pDD66 and pDD67 were transformed into
MSC139, E. coli B (ATCC11303), and the resulting strains
were tested for chondroitin production. A control plasmid,
pDD63, was also transformed into MSC139. This plasmid.
described in Example 4 above, is a derivative of the pDD54
vector to which a tetracycline-resistance gene has been
added. It contains none of the K4 chondroitin biosynthesis
genes. Chondroitin production in E. co/i B containing pDD63
(MSC314), pDD66 (MSC315) or pDD67 (MSC316) was
evaluated in shake flasks.

In this experiment, cultures were grown in TB medium
containing 5 pg/mL tetracycline (Tc”) at 30° C. As described
in Example 8 below, growth in TB medium was found to
enhance recombinant production of chondroitin in E. coli as
compared to CYG medium, and Tc® was found to be an
effective concentration for plasmid maintenance without
impairing cell growth. The cultures were inoculated at 0.05
OD A600 and induced at 0.10-0.13 by addition of 2 mM
m-TA. Following induction, cultures were grown at 30° C. for
up to 3 days. Strain MSC315 initially grew slower than the
others and was induced several hours later than MSC314 and
MSC316 cultures. At 48 hours post-induction (42 hours post-
induction in the case of MSC315) samples were taken for
viable cell counts in the presence or absence of tetracycline
and for chondroitin assays by the HPL.C method.

Assay results shown in Table 5B below demonstrate chon-
droitin production at significant levels in £. coli B when either
pDD66 or pDD67 is present. No chondroitin was detected in
strain MSC314 which contains the pDD63, the “empty vec-
tor” control. Plasmid retention (% T¢”) in this experiment was
approximately 50% for pDD66 and pDD67 whereas there
was no detectable loss of the control vector pDD63.
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E. coli B does not produce a capsule but does contain a
cryptic group 2 capsule gene cluster in which the region 2
genes are disrupted by an insertion element, and regions 1 and
3 genes appear functional (Andreishcheva and Vann, Gene
2004; 484:113-119). To determine whether the E. coli K4
region 2 genes can “complement” the E. coli B region 2
defect, a plasmid containing only kfoABCFG genes was con-
structed. This plasmid, pCX039, is described in Example 4.
Plasmid pCX039 was transformed into MSC139, E. coli B
(ATCC11303), and chondroitin production in the resulting
strain, designated MSC317, was evaluated in shake flasks.
The strain was grown in TB medium plus 5 pg/mL Tc at 30°
C. The culture was inoculated at approximately 0.05 OD
A600 and induced with 2 mM m-TA at an OD of approxi-
mately 0.10. At 48 hours post-induction, samples were taken
for viable cell counts in the presence or absence of tetracy-
cline and for chondroitin assay by the HPL.C method.

When assayed on LB plates, 5.9x10° cfu/mL were
obtained and the titer of cfu obtained from parallel platings on
LB plates containing 5 pg/ml. Tc was not significantly dif-
ferent. This indicates that the pCX039 plasmid was quantita-
tively retained in this experiment. The HPL.C based chon-
droitin assay was performed without a de-fructosylation step.
The chondroitin titer measured in this assay was 205 pg/mlL.
This result demonstrates that only region 2 K4 genes kfoAB-
CFG are required to achieve chondroitin biosynthesis in E.
coli B. In Example 9 below, the regions 1 and 3 genes in F.
coli B are shown to function in concert with the K4 region 2
genes to result in chondroitin secretion, a finding consistent
with those of Andreishcheva and Vann (2004).

As noted above, KfoB and KfoG homologs are encoded in
gene clusters of other glycosaminoglycan-producing bacte-
ria, but the functions of these proteins remain unknown. As
described in Example 4, the kfoB or kfoG genes were deleted
from pDD66 and pDD67 to generate plasmids pCX040,
pCX041, pCX042 and pCX043 which are summarized in
Table 5C below. These plasmids were transformed into host
strain MSC188 and cultures of the resulting strains were
tested for chondroitin biosynthesis. Cultures were grown in
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TB medium at 30° C., induced with 2 mM m-TA at OD
A600~0.2, and sampled at 48 hours post-induction for viable
cell counts and chondroitin assays. The results of these
assays, shown below, suggested that neither gene is abso-

lutely essential for chondroitin biosynthesis in recombinant
E. coli K-12.

TABLE 5C

Effects of deletion of kfoB or kfoG on chondroitin production.

OD cfu/mL chondroitin®
Strain Plasmid A600  (x10%) % Tc” (ug/mL)
MSC279 pDD66 15.6 0.91 100 564
MSC322 pCX040 = 12.8 0.87 100 676
pDD66AkfoB
MSC323 pCX041 = 18.4 2.81 100 110
pDD66AkfoG
MSC280 pDD67 16.0 1.77 73 384
MSC324 pCX042 = 15.8 1.66 70 358
pDD67AkfoB
MSC325 pCX043 = 14.9 224 85 17
pDD67AkfoG

“HPLC assay without de-fructosylation step

Based on these results, KfoB protein activity appears to be
unnecessary for chondroitin production in these strains under
these growth conditions. In fact, in this experiment the strain
carrying the deletion of kfoB from pDD66 produced approxi-
mately 20% more chondroitin than the strain containing
pDD66; see MSC279 vs. MSC322. This difference could be
significant but is also within the range of day-to-day variation
observed for chondroitin production in recombinant £. coli.
In a repeat experiment comparing MSC279 and MSC322,
enhanced production of chondroitin by the kfoB deletion
strain was not observed. In the pDD67 background, the kfoB
deletion appeared to have little or no effect on chondroitin
production.

Previous published studies of strain of £. coli K4 that was
mutated to inactivate kfoG did not report any effect of the
kfoG mutation on the level of fructosylated chondroitin pro-
duced (Krahulec et al., 2005). In contrast, our results demon-
strate that the KfoG protein, although not absolutely essential
for production of chondroitin, appears to be required for the
optimal levels of production of recombinant chondroitin in E.
coli. under these growth conditions of this experiment. Dele-
tion of the kfoG gene severely reduced production of chon-
droitin by pDD66 and pDD67. In the pDD66 background, the
strain deleted for kfoG (MSC323) produced only approxi-
mately 20% as much chondroitin as the wild type control
strain MSC279. Similarly, in the pDD67 background, the
strain deleted for kfoG (MSC325) produced only approxi-
mately 5% as much chondroitin as the wild type control strain
MSC280.

Example 8

This Example Demonstrates Recombinant
Production of Chondroitin in a Variety of Growth
Media, Temperatures, and Induction Conditions

A variety of different growth media can support production
of chondroitin by recombinant £. coli strains carrying the E.
coli K4 chondroitin biosynthesis genes. For optimal produc-
tion of recombinant chondroitin cultures conditions such as
medium composition, temperature, inducer concentration,
and duration of culture post-induction need to be optimized.

Initial studies of recombinant production of chondroitin in
E. coliused CYG growth medium (20 g/L. casamino acids, 5
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g/L yeast extract, 2 g/, glucose, pH 7.2). A variety of alter-
native growth media and culture conditions can be employed
to cultivate recombinant E. coli strains capable of producing
chondroitin and to achieve chondroitin production.

One alternative culture medium that is well known to sup-
port the growth of E. coli is TB medium (Sambrook, J.,
Fritsch, E. F. and Maniatis, T., Molecular Cloning: A Labo-
ratory Manual, Second Edition, Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, N.Y. (1989)). This medium
was tested and found to also support production of chon-
droitin by recombinant E. coli. Further, the effect of pro-
longed incubation time (up to 72 hours post-induction) on
chondroitin production was also tested. Additionally, the
effect on chondroitin production of induction with 1 mM vs.
2 mM m-TA was also tested.

Strains MSC279 and MSC280 were grown in shake flasks
at 30° C. in TB containing tetracycline at 5 ug/ml.. Cultures
were inoculated at 0.05 OD A600 and induced by addition of
1 mM or2 mM m-TA atapproximately (0.1-0.2) OD A600. At
24 and 48 hours post-induction, cultures were sampled for
chondroitin assays and for viable cell counts. Results of this
experiment are summarized in Table 6A below.

TABLE 6A
OD cfwmL % chondroitin®

strain m-TA  time® A600 (x10%) T¢"  (pg/mL)
MSC279 1 mM 24 10.1 2.21 81 200
48 14.0 1.47 58 411
2mM 24 10.2 2.13 79 238
48 13.5 0.93 59 436
MSC280 1 mM 24 10.2 2.69 76 222
48 15.0 2.19 84 407
2mM 24 9.9 2.08 90 243
48 14.5 1.27 100 474

“hours, post-induction
PHPLC assay without de-fructosylation treatment

These results demonstrate that TB medium can support
significant levels of chondroitin production. Also, extending
the culture time significantly increased the chondroitin titer,
chondroitin levels approximately doubled from 24 to 48
hours post-induction. Final chondroitin titers of 0.4-0.5 g/LL
were achieved at 48 hours post-induction. These data also
suggest that the higher inducer concentration can result in
greater productivity although the magnitude of the effect is
not large.

Both CYG and TB are “complex” growth media containing
hydrolyzed casein products and autolyzed yeast in which the
components of the medium are not chemically defined. In
some circumstances it might be desirable to employ a mini-
mal or defined growth medium for cell culture. Some
examples of possible defined or minimal media include
“2XM9” plus glucose or glycerine and with, or without,
supplementation with yeast extract (YE). The basal inorganic
salt components of “2XM?9” are: 22.6 g/l. Na,HPO,-7H,0, 6
g/LKH,PO,, 1 g/l. NaCl, 2mM MgSO,, 0.2 mM CaCl,, and
2.0 g/ NH,Cl (pH 7.4). To this formulation a carbon source
is added, and other supplements can be added as indicated.
Strains MSC279 and MSC280 were cultured in shake flasks
at30° C. in 2XM9 that contained 10 g/IL glucose or glycerine
as carbon sources. The effect of supplementation of the glu-
cose containing medium with YE at 1 g/IL also was tested. For
this experiment the overnight cultures that served as the
inocula were grown in LB medium. Cultures were inoculated
at 0.05 OD A600 and induced by addition of 1 mM m-TA at
approximately 0.1-0.2 OD A600. Cultures containing glu-
cose as the carbon source were sampled at 24 and 48 hours



US 9,175,293 B2

71

post-induction for viable cell counts and for chondroitin
assays. However, the glycerine cultures grew relatively
slowly at first and at 24 hours post-induction there was only
weak growth, so growth of the glycerine cultures was
extended to 72 hours and samples were taken at 48 and 72
hours. Table 6B below summarizes the results of this experi-
ment.

TABLE 6B
Growth OD cfwmL % chondroitin®
Strain medium time  A600 (x10°) T¢  (pg/mL)
MSC279 2xM9 + 24 516 253 89 110
glucose 48 5.28 2.76 80 181
MSC280 2xM9 + 24 5.45 3.06 74 52
glucose 48 5.54 3.00 74 94
MSC279 2xM9 + 24 6.13 236 97 150
glucose + YE 48 5.37 4.46 87 194
MSC280 2xM9 + 24 6.06 273 719 99
glucose + YE 48 5.80 292 90 120
MSC279 2xM9 + 48 4.62 462 89 182
glycerine 72 5.84 1.94 84 280
MSC280 2xM9 + 48 548 278 88 143
glycerine 72 6.35 2.89 81 350

*HPLC assay without de-fructosylation

Both strains attained final OD A600 of approximately 5-6
in all three media compositions and plasmid retention was
relatively good approximately 75-90%. Chondroitin was pro-
duced in substantial amounts in all media tested. Titers at
harvest ranged from approximately 100 to 350 pg/ml.. Addi-
tion of yeast extract to 2XM9 plus glucose medium had, at
most, a modest effect on final chondroitin titers. Despite an
initial growth lag, glycerine cultures grew to final cell densi-
ties similar to those seen with glucose. Final titers of chon-
droitin were higher (1.5- to 3-fold) in the glycerine cultures as
compared to the glucose cultures. These results provide
examples of minimal/defined media that can support signifi-
cant levels of chondroitin production. Further media devel-
opment and optimization can be performed using standard
approaches that are well known to one skilled in the art of
microbial fermentation process development.

Another experiment demonstrates the effects of growth
temperature and extended growth time post-induction times
on chondroitin accumulation. Cultures of MSC280 were
grown in CYG medium plus 2 pg/ml Tc. Flasks were incu-
bated at 20° C., 25° C., 30° C., and 37° C. Cultures were
inoculated at approximately 0.05 OD A600 and grown at the
indicated temperatures to approximately 0.1-0.2 OD A600 at
which point cultures were induced by addition of 1 mM m-TA
where indicated. One control culture at 30° C. was not
induced. Samples were collected at 24, 48, and 72 hours post
induction for chondroitin assays and viable cell counts.
Results from the terminal harvest timepoints are shown below
in Table 6C. Under these conditions, chondroitin production
was achieved at all temperatures tested but the best chon-
droitin titers achieved were at 25° C. and 30° C. Chondroitin
accumulation increased significantly during the second and
third days of growth at all temperatures tested (data not
shown). At 37° C., chondroitin production is substantially
lower (approximately 10-fold) than at 30° C., and the viability
of'the 37° C. culture was poor. Further optimization could be
achieved by refining the definition of the preferred tempera-
ture range for chondroitin production by testing additional
temperatures in the range 20° C. to 37° C. Similarly, further
optimization could be achieved by refining the effect of time
of culture post-induction upon chondroitin titer.
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TABLE 6C
OD cf/mL %  chondroitin
temp. induction time®  A600  (x10%) Te”  (ug/mL)
20° C. 1 mM m-TA 24 1.42 0.92 90 12
48 2.24 0.59 100 36
72 2.36 0.54 93 55
25°C. 1 mM m-TA 24 2.62 1.63 99 45
43 2.98 na?  na’ 96
72 3.02 0.84 32 123
30° C. 1 mM m-TA 24 2.97 0.97 76 72
48 3.38 1.35 32 107
72 3.36 0.57 74 119
30° C. not induced 24 2.83 0.66 73 25
48 3.73 0.44 68 42
72 2.82 0.45 30 62
37°C. 1 mM m-TA 24 244 na?  na’ 10
48 2.22 0.07 n.d.c 13

“hours post-induction
®data not available
“not determined, no colonies obtained on Tet plates

Additional studies to optimize time of incubation by
extending the incubation time even further may further
increase chondroitin production. Similarly, additional con-
centrations of inducer may be tested to identify the optimal
concentration for chondroitin production.

Example 9

This Example Demonstrates that Recombinant
Chondroitin can be Secreted to the Culture Medium
in E. coli K-12 and E. coli B

This Example Further Demonstrates that
Chondroitin can Also be Produced Intracellularly at
High Levels

When E. coli K4 is cultured in liquid media, the capsular
polysaccharide (K4P), fructosylated chondroitin, is reported
to accumulate in a cell-free form in the culture medium and as
a cell associated form (Manzoni et al., Biotech. Lett. 1996;
18:383-386, Cimini at al. Appl. Mocrohiol. Biotechnol.
E-Publication, E-Pub. October 2009). By analogy to other
group 2 capsular polysaccharides, such as those produced by
E. coli serotype K1 and E. coli serotype K5, the cell associ-
ated form is believed primarily to be associated with the outer
leaflet of the outer membrane of the cell by means of a lipid
anchor (Whitfield, 2006). The nature of the linkage between
the polysaccharide and the lipid anchor has not been defined
at a structural level, nor has the identity of the lipid anchor
been determined. Recombinant chondroitin produced and
detected as described in Examples 6-8 above is clearly
present in the culture medium. Low speed centrifugation (10
minutes at 3500 g) is sufficient to remove cells from the
culture medium of samples to be assayed for chondroitin, and
significant quantities of chondroitin have been detected in the
cell-free supernatants. However, all samples that were
assayed for chondroitin in Examples 6-8 above were auto-
claved prior to centrifugation in order to kill the bacteria and
thus facilitate sample handling. The autoclaving step could
potentially disrupt the linkage of any cell-associated chon-
droitin and result in such cell-associated chondroitin being
released from the cell. In order to determine whether recom-
binant chondroitin is produced in cell-free and/or cell-asso-
ciated forms, an experiment was performed that tested the
effect of autoclaving on partitioning of recombinant chon-
droitin into supernatant and pellet fractions following cen-
trifugation of samples from chondroitin-producing cultures.
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Strain MSC279 was grown in a shake flask in TB medium
5 ug/ml. Te at 30° C. The culture was inoculated at approxi-
mately 0.03 OD A600 and grown to approximately 0.1-0.2
A600 at which point it was induced by addition of 2 mM
m-TA. At 48 hours post-induction samples were taken and
assayed for chondroitin. One aliquot of this culture was auto-
claved prior to being centrifuged, and the resulting superna-
tant and cell pellet fractions were assayed for chondroitin
according to the HPLC method of Example 14. Another ali-
quot was centrifuged without being autoclaved and the result-
ing supernatant and cell pellet fractions were assayed for
chondroitin according to the HPL.C method of Example 14. A
cell pellet from a non-autoclaved sample was resuspended in
THB (50 mM Tris-HCl buffer with 50 mM sodium acetate pH
8.0) and treated directly with chondroitinase ABC (“CHase™)
(without cell lysis) and again centrifuged to generate super-
natant and pellet fractions for assay. To test for cell-free
chondroitin carried over in residual culture medium, another
cell pellet from a non-autoclaved sample was gently washed
in THB then re-centrifuged. The supernatant from the wash
(sample #7) and the cell pellet (without lysis) from the wash
(sample #8) were assayed for chondroitin as above. Results of
this experiment are shown in Table 7A below.

TABLE 7A
chondroitin
Sample sample #/fraction (ng/mL)

autoclaved culture 1 supernatant 403
medium 2 pellet (lysis assay) 50
non-autoclaved 3 supernatant 217
culture medium 4 pellet (lysis assay) 178
Pellet resuspended + 5 supernatant 130
from non- CHase, CFGed 6 pellet (lysis assay) 66
autoclaved  washed 1X, 7 wash superantant 8
culture resuspended + 8 wash pellet 154
medium CHase, CFGed

In the autoclaved sample, only 11% of'the total chondroitin
was present in the cell-pellet (sample #2) whereas 45% of the
total chondroitin was present in the cell pellet in the sample
(sample #4) that was not autoclaved prior to centrifugation.
This result indicates that a significant fraction of the chon-
droitin produced by MSC279 remains cell-associated and
that the autoclaving step disrupts the association of the chon-
droitin with the cell. The cell-associated chondroitin in the
pellet of the non-autoclaved strain was found to be digested
by direct CHase treatment of resuspended cells without lysis
treatment. The quantity of surface-associated chondroitin cal-
culated based on the amount of disaccharide released was
determined to be 130-154 pg/ml. (sample #5 and sample #8)
in the original culture. This value is somewhat less than the
cell-associated chondroitin titer (178 pg/ml.) measured by
the “cell lysis” technique of Example 14 (sample #4), which
may reflect internal chondroitin polymer (as measured in
sample #2 and sample #6). However, the data from both assay
methods are qualitatively in agreement as indicating that a
significantly higher fraction of chondroitin is cell-associated
in the non-autoclaved sample as compared to the autoclaved
sample. The fact that the cell-associated chondroitin was
digested to disaccharide by CHase treatment of the whole-
cell suspension indicates that this fraction of the chondroitin
is associated with the outer membrane of the cell in such a
way that the polysaccharide resides outside of the cell and in
the culture medium. This is consistent with the expected
structure of the capsule.

These results demonstrate that a significant fraction
(250%) of the recombinant chondroitin produced by strain
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MSC279 is present in the culture medium and in a form that
is not cell associated. The bulk of the cell-associated chon-
droitin produced by MSC279 is attached to the cell but is
accessible to the surrounding medium as evidenced by deg-
radation by added CHase. The production of both cell-free
and cell-associated forms of K4P by native E. coli K4 has
been previously reported by Manzoni et al., Biotechnol. Lett.
1996; 18(4):383-386 and Cimini et al., Appl. Microbiol. Bio-
technol. E-Publication, October 2009. The observation of
both forms during recombinant production is consistent with
the notion that the synthesis and secretion of recombinant
chondroitin in MSC279 proceeds by the same pathways that
operate in the native strain. This suggests that all ofthe cloned
genes introduced into MSC279 are functioning in the same
manner as in £. coli K4 and that the complete pathway for
synthesis and export of the capsule polysaccharide is func-
tioning in the recombinant strain.

In order to produce chondroitin by bacterial fermentation it
is preferable to use large scale fermentations, which generate
volumes of culture media that are too large for autoclaving to
be feasible as a method for releasing cell-associated chon-
droitin into the culture medium. Alternative treatments using
elevated temperature in combination with acid or base treat-
ment could be employed for large scale manufacturing.

Similar results for secretion of chondroitin into culture
medium were also obtained with recombinant . coli B
strains that produce chondroitin. We observed previously that
in recombinant E. coli K-12 the kfoB gene was not essential
for chondroitin production. To test for secretion of chon-
droitin in E. coli B, MSC347 (MSCI139 pCX044 i.e.
pCX039AkfoB) was grown in TB/Tc¢® medium at 30° C. and
induced at OD A600 approximately 0.15 with 2 mM m-TA.
At 48 hours, broth samples were taken and centrifuged with,
and without, autoclaving to generate supernate and cell pellet
fractions. Chondroitin assay results of this experiment are
shown below in Table 7B. Autoclaving resulted in greater
than 90% of the total measurable rCH in the supernatant
fraction. In non-autoclaved samples, however, only approxi-
mately 30% of the chondroitin was found in the supernatant.
These results are consistent with findings with recombinant
E. coli K-12 strains, as detailed above, which suggest that the
autoclave step (5 minutes, 121°C., 15 psi) releases essentially
all rCH into the medium. These results further show that the
regions 1 and 3 genes in E. coli B function to secrete chon-
droitin when the region 2 genes are present.

TABLE 7B
OD chondroitin
strain description A600 treatment  sample pg/mL
MSC347 MSC139 12.6 autoclaved supernate 362
pCX044 cell pellet 25
pCX044 = non- supernate 107
pCX039 autoclaved cell pellet 242
(AkfoB)

Secretion of chondroitin into cell culture medium and
release of cell-associated chondroitin into the culture medium
provide a method for obtaining chondroitin that is cell free
and can be separated from cells by centrifugation or filtration
and subsequently purified. It is also possible to produce intra-
cellular chondroitin by genetic manipulation of the chon-
droitin biosynthesis genes. Intracellular production of chon-
droitin could be desirable in order to eliminate viscosity of the
fermentation resulting from high levels of polysaccharide in
the culture medium. In addition, the intrinsic limits upon
chondroitin production and the biochemistry of chondroitin
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biosynthesis in E. coli are incompletely understood. It is
possible that intracellular production could achieve higher
levels of chondroitin than secretion. Therefore, recombinant
gene sets that allow accumulation of significant levels of
chondroitin in the absence of secretion into the culture
medium were identified.

There is evidence in the literature that under certain con-
ditions, other E. coli capsular polysaccharide can be synthe-
sized and accumulate intracellularly. Electron microscopy
(EM) results of Bronner et al. (J. Bact. 1993; 175:5984-5992)
suggested that there was some intracellular accumulation of
the E. coli serotype K5 capsular polysaccharide (heparosan)
by mutants defective in kpsC and kpsS. Similar observations
were reported by Cieslewicz and Vimr, (J. Bact. 1996; 178:
3212-3220) for the polysialic acid capsular polysaccharide of
E. coli K1 when mutants defective in kpsC, kpsS, kpsE or
kpsT were examined by EM. The levels of intracellular K1
and K5 polysaccharides were not quantitated in these studies.

To determine if mutations in region 1 or region 3 genes
could block secretion of recombinantly produced chondroitin
in E. coli K-12, derivatives of plasmid pDD66 that are deleted
for kpsC or kpsT genes (pCX045 and pCX048 respectively)
were constructed as described in Example 4. These plasmids
were transformed into MSC188 and the resulting strains were
tested in parallel with MSC279 (MSC188 containing
unmodified pDD66) for the ability to produce and secrete
chondroitin to the culture medium.

Cultures were grown in TB+Tc5 medium at 30° C.,
induced with 2 mM m-TA at OD A600 of approximately 0.15,
and sampled after 48 hours. For each strain at the 48 hour time
point, chondroitin was assayed in the supernates and cell
pellets from both autoclaved and non-autoclaved samples. As
shown in Table 7C below, the ODs at 48 hours were equiva-
lent. In non-autoclaved samples from strains MSC356 and
MSC359, which are deleted for kpsC and kpsT genes respec-
tively, chondroitin is predominantly (approximately 85-90%)
localized to the cell pellet. This is in contrast to the results
with MSC279, the wild-type control, in which approximately
50% of the chondroitin is localized to the cell pellet and

approximately 50% is present in the supernatant.
TABLE 7C
OD chondroitin
strain plasmid A600 sample (ng/mL)
MSC279 pDD66 13.5 non-autoclaved 265
supernatant
non-autoclaved pellet 260
autoclaved supernatant 499
autoclaved pellet 54
MSC356 pCX045 = 13.5 non-autoclaved 59
DD66AkpsC supernatant
non-autoclaved pellet 329
autoclaved supernatant 400
autoclaved pellet 31
MSC359  pCX048 = 13.4 non-autoclaved 50
pDD66AkpsT supernatant
non-autoclaved pellet 388
autoclaved supernatant 421
autoclaved pellet 105

As described above (Table 7C) in strain MSC279, most of
the chondroitin localized to the cell pellet in non-autoclaved
samples of MSC279 cultures is likely covalently attached to a
lipid anchor in the outer leaflet of the cell outer membranes. It
is likely that autoclaving disrupts the association of the cell
membrane and chondroitin that is cell-associated in the
absence of autoclaving, but the effects of autoclave treatment
of the cells are not fully understood. The nature of the asso-
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ciation between the cell and the chondroitin that is localized
to the cell pellets of the kpsC or kpsT defective strains is not
addressed by these data. In principle, this chondroitin could
be present in the cell cytoplasm, in the periplasmic space, or
still attached to the outer cell membrane. However, the results
for these mutant strains are consistent with the notion that
mutations in kpsC and kpsT block secretion of chondroitin
and result in intracellular accumulation of chondroitin. Pres-
ence of this chondroitin on the cell surface can be tested by
resuspending the non-autoclaved cell pellet, subjecting the
resuspended cells to CHase digestion and measuring the pro-
duction of the chondroitin specific disaccharide. Alterna-
tively, electron microscopy can be employed to determine the
cellular location of cell-associated chondroitin produced by
MSC356 and MSC359.

An additional experiment, detailed below, was designed to
confirm the role of autoclaving in the release of chondroitin
from the cell with wild type strain MSC279, and to determine
whether E. coli K-12 containing only the K4 region 2 genes
(MSC346; MSC188 pCX039) could produce intracellular
chondroitin. Strains MSC279 and MSC346 were grown in
TB/TcS medium at 30° C. and induced at OD A600 approxi-
mately 0.15 with 2 mM m-TA. After 48 hours, duplicate broth
samples were taken to generate supernate and cell pellet
fractions, with, and without, autoclaving prior to centrifuga-
tion. Chondroitin assay results from these samples are shown
in Table 7D below. In the non-autoclaved samples from strain
MSC279, which contains the complete chondroitin biosyn-
thetic gene set, chondroitin was approximately evenly distrib-
uted between supernate (55%) and pellet (45%). In contrast,
the non-autoclaved pellet from strain MSC346, which con-
tains only region 2 genes, included approximately 98% of'the
chondroitin produced by that culture—little was found in the
supernate. For both strains, autoclaving resulted in partition-
ing of the CH predominantly (>90%) into the supernates.

TABLE 7D
CH
strain description treatment fraction (ng/mL)
MSC279 MSC188 pDD66  autoclaved supernate 485
cell pellet 38
non-autoclaved supernate 230
cell pellet 186
MSC346 MSC188 pCX039 autoclaved supernate 200
cell pellet 13
non-autoclaved supernate 3
cell pellet 151

These results demonstrate that autoclaving (5 min., 121°
C., 15 psi) releases almost all cell-associated chondroitin into
the medium. Consequently, the chondroitin detected in the
non-autoclaved cell pellet of MSC279 could, in principal, be
bound to the outer membrane or have an intracellular loca-
tion. In the absence of autoclaving, very little chondroitin is
found in the supernatant of the strain MSC346 culture. This
result is consistent with MSC346, which lacks all region 1
and region 3 functions, producing only intracellular chon-
droitin. Although lower amounts of chondroitin are produced
by MSC346, as compared to MSC279, the quantity of chon-
droitin produced is still significant and demonstrates that
chondroitin can be successfully produced using only cloned
genes kfo ABCFG in recombinant E. coli K-12. These results
also demonstrate that this chondroitin can be liberated from
the cell by autoclaving and obtained in the supernatant of
autoclaved cultures following centrifugation to remove cel-
Iular debris. Alternatively, cells of MSC346 could be lysed by
a variety of methods that are well known (e.g. homogeniza-
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tion, detergent and/or enzymatic lysis, mechanical disrup-
tion, sonication and the like) and the chondroitin released by
these methods could be also be recovered in the supernatant
following centrifugation. Chondroitin thus recovered could
be further purified by methods, such as alcohol precipitation,
that are well known in the art.

Example 10

This Example Describes the Construction of Strains
of E. coli K-12 that Contain the Chondroitin
Biosynthesis Genes Inserted in the Chromosome and
Demonstrates Chondroitin Production in these
Strains

Examples 6-9 above describe chondroitin production in
recombinant £. coli strains using plasmid vectors to introduce
cloned genes that encode the chondroitin biosynthesis pro-
teins into heterologous host strains. In some circumstances it
could be desirable to introduce the cloned chondroitin bio-
synthesis genes into the chromosome of the recipient host
strain. Placing the cloned genes in the chromosome elimi-
nates the requirement for maintaining selective pressure to
maintain the plasmid(s) which carry the chondroitin biosyn-
thesis genes and could thus potentially provide more stable
expression strains or expression strains that are stable in the
absence of selective pressure. Therefore, E. coli K-12 strains
were constructed in which the E. coli K4 genes for chon-
droitin biosynthesis are stably integrated into the host chro-
mosome. These “chromosomal expression strains” employ
the Pm promoter and K4 gene sets from pDD66 and pBR1052
integrated at the colanic acid biosynthesis locus. The xylS
regulatory gene also has been integrated into the chromosome
at a separate locus, the fhuA locus. Resulting constructs were
shown to produce high levels of chondroitin in shake flasks
and in fermentors (Examples 14 and 15).

Expression plasmids pDD66 and pBR1052 are described
in Example 4. The K4 chondroitin biosynthesis genes from
pDD66 and pBR1052 were cloned into the pMAK-CL
replacement vector which is also described in Example 3.
This vector, diagramed in FIG. 8L, contains cloned DNA
regions upstream and downstream of the colanic acid (CA)
gene cluster and a unique Ascl cloning site at the junction of
these regions. As detailed in Example 3, this vector was used
to construct a deletion of the entire CA gene cluster in E. coli
K-12 W3110 to generate strain MSC188. The K4 gene
expression cassettes were excised and gel-purified using the
QIAEX II Gel Extraction Kit (QIAGEN Inc., Valencia, Calif.)
according to the vendor protocol from pDD66 and pBR1052
as approximately 19 kb Ascl fragments and these fragments
were ligated with pMAK-CL DNA that was Ascl-digested,
phosphatase-treated, and gel-purified. Transformants were
selected for resistance to tetracycline which is carried on the
Ascl fragments of pDD66 and pBR1052 along with the Pm
promoters and the upstream and downstream transcription
terminators. Derivatives of pMAK-CL that contained the
Ascl fragments of pBR1052 or pDD66 were identified and
designated pDD74 and pDD76, respectively. These plasmids
are diagramed in FIG. 8L.

Plasmids pDD74 and pDD76 were transformed into
MSC188 to generate strains MSC373 and MSC377, respec-
tively, and derivatives of these strains in which the K4 gene set
is integrated into the chromosome were obtained as follows.
MSC373 and MSC377 were grown overnight at 30° C. in
LB+5 pg/mlL tetracycline (Tc) and an aliquot of approxi-
mately 20 pL was spotted and streaked onto an LB+Tc” plate
which was incubated overnight at 41° C. Colonies that arose
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on this plate were picked and re-streaked on LB+Tc” plates at
43° C. Selection for maintenance of the plasmid-borne anti-
biotic resistance at high temperature selects for recombina-
tion of the plasmid into the chromosome because the pDD74
and pDD76 plasmids, as derivatives of the pMAK705 vector,
are temperature-sensitive for replication (Hamilton et al., J
Bact. 1989; 171:4617-4622). Derivatives of MSC373 and
MSC377 that were capable of growth at 43° C. ontetracycline
were sub-cultured overnight once in LB+T¢” liquid medium
at 30° C. and subsequently once overnight in LB liquid
medium (without tetracycline) at 30° C. These overnight
cultures were then diluted and plated on LB plates at 30° C.
and isolated colonies were toothpicked onto LB, LB+Tc,
and LB+34 pug/mL chloramphenicol (Cm**) at 30° C. One
tetracycline-resistant  (TcR), chloramphenicol-sensitive
(CmS) derivative was identified from each of MSC377 and
MSC373. These TcR, CmS derivatives, termed MSC391 and
MSC392, respectively, were putative replacement strains in
which recombination has occurred in such a way the K4 DNA
sequence remains in the chromosome at the CA locus while
the remainder of the plasmid sequences have been excised by
homologous recombination and the plasmid subsequently
lost. PCR analyses of these isolates showed that the 5' and 3'
ends of the approximately 19 kb K4 DNA fragment are
present in the expected location with respect to the chromo-
somal DNA sequences that flank the colanic acid locus.

As detailed in Example 4, DNA regions upstream and
downstream of the E. coli thuA gene were cloned by PCR,
assembled and sequenced and this deletion fragment moved
into the pMAK?705 suicide plasmid to create a replacement
vector for the thuA locus termed pMAK705-AthuA, or
pDD73 (FIG. 8M). The xylS regulatory gene was cloned into
this replacement vector as follows. The xylS gene was
excised from pDD42 as a Pstl fragment and cloned into the
Pstl site of pDD73 to generate pDD77, which is diagramed in
FIG. 8N. The Pstl fragment of pDD77 is identical to the
xylS-containing Pstl fragment present in expression plasmids
pDD66 and pBR1052, and the parent vector pDD54. The K4
gene cluster replacement strains, MSC391 and MSC392,
described above were transformed with pDD77. Two isolates
each from transformation of MSC391 and MSC392 by
pDD77 were selected and designated as follows:

MSC402=MSC391 pDD77 “isolate A”
MSC403=MSC391 pDD77 “isolate B”
MSC404=MSC392 pDD77 “isolate A”
MSC405=MSC392 pDD77 “isolate B”

These strains were all tested in shake flasks for chondroitin
biosynthesis. Strains were grown in TB medium at 30°
C.+Cm? to select for maintenance the pDD77 plasmid. At OD
A600 of approximately 0.2, cultures were induced by addi-
tion of 2 mM m-toluic acid (m-TA). Samples were taken at 24
and 48 hours post-induction and assayed for chondroitin. All
four strains produced chondroitin. Results of these assays are
shown in Table 8A below. The chondroitin levels for induced
MSC404 and MSC405 were approximately 2.5-fold higher
than MSC402 and MSC403. In this experiment, MSC404 and
MSC405 produced about 65-70% the amount typically seen
with MSC279 (MSC188 pDD66) in shake flasks under these
culture conditions; approximately 0.5 g/L.. These results indi-
cate that recombinant £. coli containing a single chromo-
somal copy of the K4 chondroitin biosynthesis genes is
capable of producing significant amounts of chondroitin.
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TABLE 8A

Sample Strain description CH pg/mL.  OD A600

#1 MSC402 uninduced 24 h ~ MSC391 pDD77 11 11.6

isolate A

#2 MSC402 + mTA 24 h MSC391 pDD77 47 10.2
isolate A

#3 MSC403 uninduced 24 h ~ MSC391 pDD77 7 11.2
isolate B

#4 MSC403 + mTA 24 h MSC391 pDD77 47 10.0
isolate B

#5 MSC404 uninduced 24 h ~ MSC392 pDD77 64 114
isolate A

#6 MSC404 + mTA 24 h MSC392 pDD77 114 9.4
isolate A

#7 MSC405 uninduced 24 h ~ MSC392 pDD77 16 11.7
isolate B

#8 MSC405 + mTA 24 h MSC392 pDD77 137 9.7
isolate B

#9 MSC402 uninduced 48 h ~ MSC391 pDD77 29 15.9
isolate A

#10 MSC402 + mTA 48 h MSC391 pDD77 152 15.7
isolate A

#11 MSC403 uninduced 48 h  MSC391 pDD77 23 15.6
isolate B

#12 MSC403 + mTA 48 h MSC391 pDD77 111 15.6
isolate B

#13 MSC404 uninduced 48 h ~ MSC392 pDD77 142 15.7
isolate A

#14 MSC404 + mTA 48 h MSC392 pDD77 344 14.9
isolate A

#15 MSC405 uninduced 48 h ~ MSC392 pDD77 33 153
isolate B

#16 MSC405 + mTA 48 h MSC392 pDD77 329 154
isolate B

The strains (MSC404 and MSC405) derived from
pBR1052 appeared to be more productive than the strains
derived from pDD66, but both chromosomal genes sets func-
tioned sufficiently well to produce chondroitin. The chromo-
somal K4 gene set derived from pBR1052 contains a second
copy of the Pm promoter inserted immediately upstream of
the kpsF gene. This added promoter was shown to enhance
expression of the downstream genes (kpsFEDUCS) in the
plasmid pBR1052 relative to expression in pDD66. It is pos-
sible that the additional Pm promoter also increases down-
stream gene expression in the chromosomal context and that
the enhanced expression of these genes can significantly
increase CH production.

Derivatives of MSC403 and MSC405 were obtained in
which the plasmid-borne xylS gene of pDD77 was integrated
into the chromosome at the thuA locus using the two step
“pop-in/pop-out” method as follows. MSC403 and MSC405
were grown overnight at 30° C. in LB+Cm>*. These cultures
were diluted 10*-fold and 0.1 mL aliquots were plated on
LB+Cm>*at43° C. After overnight incubation approximately
100 colonies of varying size were obtained. Isolated colonies
were picked and streaked onto LB+Cm?> plates and grown
overnight at 43° C. Isolated colonies from these platings were
picked and used to inoculate 5 mL cultures of LB without any
antibiotic. These cultures were grown overnight at 30° C. and
subsequently twice passaged by 1000-fold dilution and over-
night growth in LB at 30° C. This third passage was then
diluted 10°-fold and 0.1 mL aliquots were plated on LB at 30°
C. and 37° C. Individual colonies from these platings were
toothpicked onto LB and LB+Cm>* to test for loss of the
plasmid. Chloramphenicol-sensitive (CmS) isolates were
readily obtained, and these were screened by PCR to identify
the desired “pop-out” replacement strains in which recombi-
nation occurred in such a way that the xylS-containing DNA
sequence remained in the chromosome at the thuA locus
while the remainder of the plasmid sequences were excised
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and the plasmid subsequently lost. This event also results in
deletion ofthe entire thuA gene from the E. coli chromosome.
PCR analyses of these isolates indicated that the 5' and 3' ends
of the xylS DNA fragment now are present in the expected
location with respect to the chromosomal DNA sequences
that flank the fhuA locus. The resulting strains, MSC410,
derived from MSC403, and MSC411, derived from MSC405,
contain the xylS gene inserted at the thuA locus and retain the
K4 genes inserted at the colanic acid locus.

MSC410 and MSC411 were tested for chondroitin biosyn-
thesis. Strains were grown in TB medium at 30° C. and at OD
A600 of approximately 0.2, cultures were induced by addi-
tion of 2 mM m-TA. Samples were taken at 24 and 48 hours
post-induction and assayed for chondroitin. As shown below
in Table 8B, all of these strains produced very low levels of
chondroitin.

TABLE 8B
Sample CH pg/mL OD A600
MSC410 uninduced 24 h 1.5 10.8
MSC410 + mTA 24 h 2.4 9.3
MSC411 uninduced 24 h 2.0 11.6
MSC411 +mTA 24 h 5.9 10.7
MSC410 uninduced 48 h 3.7 16.5
MSC410 + mTA 48 h 5.2 14.7
MSC411 uninduced 48 h 44 15.4
MSC411 +mTA 48 h 12.2 16.1

This low productivity was unexpected, given that the
immediate predecessor strains produced significant quanti-
ties of chondroitin at comparable cell densities under the
same culture conditions. A priori, these results could indicate
that the chromosomal insertion of the xylS gene does not
produce a sufficient quantity of XylS protein to activate the
Pm promoter even in the presence of the inducer m-TA.
Alternatively, the presumed DNA structures of the inserted
K4 and/or xylS genes in these strains might not be correct.
The linkage relationships of the 5' and 3' ends of both seg-
ments with respect to the chromosomal sequences flanking
the homologous colanic acid locus and thuA locus sequences
were verified by PCR. However, those data alone do not
confirm the precise structures and sequences of the inserted
DNAs in these strains. Rearrangement, deletion or mutation
within the K4 or xylS DNA segments could have occurred in
the course the derivation of MSC410 and MSC411 from their
respective CH-producing parents (MSC403 and MSC405)
and could have resulted in impairment of CH biosynthesis.

Experiments were performed to test these hypotheses.
Plasmid pDD77 was transformed into MSC410 and MSC411
to test for the functionality of the chromosomal K4 gene sets
in these two strains. The resulting strains were designated
MSC436 (MSC410 pDD77 “isolate A), MSC437 (MSC410
pDD77 “isolate B”), MSC438 (MSC411 pDD77 “isolate A™)
and MSC439 (MSC411 pDD77 “isolate B”). These strains
were grown in TB medium at 30° C. and at OD A600 of
approximately 0.2, cultures were induced by addition of 2
mM m-TA. Samples were taken at 24 and 48 hours post-
induction and assayed for chondroitin. As shown below in
Table 8C, these four strains produced significant titers of
chondroitin very similar to titers seen for their antecedent
strains MSC403 and MSC405 and much higher than their
immediate predecessor strains MSC410 and MSC411. These
results indicated that the defect in chondroitin biosynthesis in
strains MSC410 and MSC411 does not result from a defect in
the K4 chondroitin biosynthesis genes per se.
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TABLE 8C

CH oD
Strain description Sample pg/mL  A600
MSC403 = MSC391 +pDD77  #11 uninduced 48 h 23 15.6
(isolate B) #12 +mTA 48 h 111 15.6
MSC410 = MSC403 derivative  #29 uninduced 48 h 4 16.5
having xylS in the chromosome ~ #30 +mTA 48h 5 14.7
MSC436 = MSC410 + pDD77  #53 uninduced 48 h 16 16.3
(isolate A) #54 +mTA 48h 124 15.3
MSC437 = MSC410 + pDD77  #55 uninduced 48 h 14 16.0
(isolate B) #56 +mTA 48h 143 15.4
MSC405 = MSC392 +pDD77  #15 uninduced 48 h 33 15.3
(isolate B) #16 +mTA 48h 329 15.4
MSC411 = MSC405 derivative ~ #31 uninduced 48 h 4 15.4
having xylS in the chromosome  #32 +mTA 48 h 12 16.1
MSC438 = MSC411 +pDD77  #57 uninduced 48 h 30 16.2
(isolate A) #58 +mTA 48 h 331 15.0
MSC439 = MSC411 +pDD77  #59 uninduced 48 h 26 16.4
(isolate B) #60 +mTA 48 h 209 14.0

These findings suggest that chondroitin biosynthesis in
strains MSC410 and MSC411 could be low due to a defect in
XylS protein function resulting from some structural error in
the gene coding sequence that could possibly have occurred
during the generation of MSC410 and MSC411 (from
MSC403 and MSC405, respectively) or, alternatively, the
xylS gene sequence might be correct, but the expression level
of the chromosomal xylS gene in these constructs might be
insufficient to achieve optimal expression of the K4 genes.

The xylS genes the in chromosomes of MSC410 and
MSC411 were sequenced to test these hypotheses. The region
of'the E. coli chromosome containing the xylS gene insertion
was amplified by PCR using primers that flank the integration
site and the amplified DNA segment was sequenced. The
sequence of the xylS promoter and coding regions exactly
matches the expected sequence. This result suggested that the
defect in xylS function in MSC410 and MSC411 is due to
insufficient expression of the XylIS protein from the chromo-
somal gene. Therefore, experiments were performed to
enhance expression of the xylS gene. Toward that end, a
synthetic optimized version of the xylS gene promoter, ribo-
some binding site, and 5' untranslated region (UTR) was
designed and synthesized, and those modified sequences
were introduced into the xylS replacement vector pDD77 and
subsequently into the chromosome.

The synthesized fragment contains 134 bp of sequence
matching the BlpI-Pstl sequence of pDD77 followed by 86 bp
of synthetic sequence up to the ATG start codon of xylS and
extends 37 bp further into xylS coding sequence through the
unique BglII site. The sequence from the ATG through the
BgllI site matches the sequence present in pDD77. The Blpl-
BgllI fragment can be readily introduced into pDD77 because
these restriction sites are unique in this plasmid. The 86 bp
synthetic sequence (shown below) (SEQ ID NO:98) includes
aconsensus £. coli promoter (based on Hawley and McClure,
Gene 1983; 11:2237-2255) and a consensus Shine-Dalgarno
(S-D) sequence (Shine and Dalgarno Proc. Natl. Acad. Sci.
USA. 1974; 71:1342-6). The sequence also incorporates a
stem-loop structure (indicated by underlined text) at the 5'
end of the predicted mRNA. All of these features are expected
to promote efficient expression of the XylS protein.
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The Blpl-Bglll fragment (SEQ ID NO:140) was synthe-
sized by a commercial vendor (DNA2.0) and the synthetic
DNA containing the modified sequences was cloned into the
xylS replacement vector, pDD77, as a BlpI-Bglll fragment in
place of the native BlpI-Bglll fragment containing the native
xylS regulatory sequences. The plasmid containing the modi-
fied xylS, termed pDD79 (FIG. 8N), was transformed into
MSC392 to test the ability of the modified xyIS gene to
activate the Pm promoter and drive chondroitin production.
Three MSC392 transformants containing pDD79 were
picked and designated MSC458, MSC459 and MSC460.
These strains, along with the MSC392 parent, were tested for
chondroitin production in the standard shake flask experi-
ment. Strains were grown in TB medium (MSC392), or
TB+Cm>* (MSC458-460), at 30° C. and, at OD A600 of
approximately 0.2, cultures were induced by addition of 2
mM m-TA. Samples were taken at 24, 48 and 72 hours post-
induction. The 48 hour samples were assayed for chondroitin.
All of the pDD79-containing strains produced approximately
300 pg/mlL in both induced, and uninduced, cultures. In con-
trast, MSC392, lacking a xylS gene, produced only 4 ng/ml.
chondroitin in both induced, and uninduced, cultures. These
results are shown below in table 8D.

TABLE 8D
Strain description Sample CH pg/mL OD A600
MSC392 = K4 gene setin ~ #69; uninduced 48 h 4 15.9
chromosome #70; +mTA 48 h 4 16.0
MSC458 = MSC392 + #71; uninduced 48 h 314 14.8
pDD79 (modified xylS) #72; +mTA 48 h 277 15.0
MSC459 = MSC392 + #73; uninduced 48 h 325 13.9
pDD79 (modified xylS) #74; +mTA 48 h 299 15.1
MSC460 = MSC392 + #75; uninduced 48 h 355 13.9
pDD79 (modified xylS) #76; +mTA 48 h 279 15.4

The observed value of approximately 300 pg/ml chon-
droitin is similar to titers seen for induced cultures of
MSC405 and MSC438, which contain the native xylS gene on
plasmid pDD77. However, both uninduced and induced cul-
tures of MSC458, MSC459 and MSC460 produced essen-
tially equivalent CH titers. This result is consistent with
increased production of XylIS by the modified xylIS gene of
pDD79 because overproduction of XylS has been reported to
activate the Pm promoter in the absence of any added inducer
(Dominguez-Cuevas et al., J Bact. 2008; 190:3118-3128).

To test the functionality of the modified xylS gene when
inserted into the chromosome, derivatives of MSC459 were
obtained in which the plasmid-borne xylS gene of pDD79
was integrated into the chromosome at the thuA locus using
the two step “pop-in/pop-out” method as detailed above in
Example 3. MSC459 was grown overnight at 30° C.in LB+34
pg/mL chloramphenicol (Cm>*) and plated on LB+Cm>* at
43° C. After overnight incubation, isolated colonies were
picked and streaked onto LB+Cm>* plates and again grown
overnight at 43° C. Isolated colonies from these platings were
picked and tested by colony PCR to confirm integration of the
plasmid into the chromosome.
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Two colonies that tested positive by PCR were used to
inoculate 5 mL cultures of LB without any antibiotic. These
cultures were grown overnight at 30° C. and subsequently
passaged by 1000-fold dilution and overnight growth in LB at
30° C. These cultures were then diluted 10°-fold and 0.1 mL
aliquots were plated on LB at 37° C. Individual colonies from
these platings were toothpicked onto LB and LB+Cm>* to test
for loss of the plasmid. Chloramphenicol-sensitive (CmS)
isolates were readily obtained and 6 such isolates from each
culture were screened by PCR to identify the desired “pop-
out” replacement strains in which recombination occurred in
such a way that the xylS-containing DNA sequence remained
in the chromosome at the thuA locus while the remainder of
the plasmid sequences were excised and the plasmid subse-
quently lost. This event also results in deletion of the entire
fhuA gene from the E. coli chromosome. PCR analyses of
these isolates indicated that the 5' and 3' ends of the xylS DNA
fragment now are present in the expected location with
respect to the chromosomal DNA sequences that flank the
thuA locus. Two such strains, MSC466 and MSC467, derived
from MSC459, should now carry the xylS gene (with syn-
thetic promoter) inserted at the thuA locus and the K4 genes
inserted at the colanic acid locus.

MSC466 and MSC467 were tested for chondroitin biosyn-
thesis in shake flasks. Strains were grown in TB medium at
30° C. and, at OD A600 of approximately 0.2, cultures were
induced by addition of 0, 1, 2 or 4 mM m-TA. Samples were
taken at 24, 48 and 72 hours post-induction. Chondroitin
assay data from the 48 hour samples are shown below in Table
8E. Both strains produced substantial titers of chondroitin
(>400 pg/mL) when induced with 1 or 2 mM m-TA. Cultures
induced with 4 mM m-TA produced somewhat lower chon-
droitin titers. Uninduced cultures produced lesser amounts of
chondroitin, approximately 160-170 pg/mL. These results are
consistent with the hypothesis that the modified xylS gene
having the synthetic promoter, optimized ribosome binding
site and 5' UTR hairpin structure is more efficiently expressed
than the native xylS gene and therefore is more effective at
stimulating transcription of the K4 chondroitin biosynthesis
genes by the Pm promoters. The chromosomal strains
MSC467 and MSC466 do not contain any plasmids carrying
the K4 chondroitin biosynthesis genes, or the regulatory xylS
gene, and are both capable of production of substantial quan-
tities of chondroitin.

TABLE 8E

Strain m-TA (mM) chondroitin pg/mL.~ OD, A600
MSC466 0 171 15.5

1 496 15.6

2 456 15.6

4 419 15.6
MSC467 0 163 14.7

1 460 15.5

2 450 15.1

4 325 13.7

MSC467 contains the tetracycline-resistance gene derived
from pDD74 (see FIG. 8L) inserted in the chromosome
immediately downstream (3') of the kpsS gene of the chro-
mosomal K4 gene cluster. (See FIG. 8T) In order to allow use
oftetracycline-resistance encoded by plasmid-borne genes as
a selection for the introduction and maintenance of certain
plasmids, this chromosomal tetracycline-resistance gene was
deleted from the chromosome of MSC467, as detailed below,
using the “pop in/pop out” procedure described in Example 3.
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The resulting tetracycline-sensitive derivative of MSC467
was designated MSC561. Construction of MSC561 was
accomplished as follows.
Approximately 900 base pairs of chromosomal sequence
immediately upstream of the tetR gene in MSC467 and
pDD74 were amplified using pDD74 DNA as template and

primers BLR476 and BLLR478:
BLR476
(SEQ ID NO: 101)
5 >CGTCAAGCTTGTGAACGCCTATAGCAGCTTG >3
BLR478
(SEQ ID NO: 102)

5>CAGTGGCGCGCCGAGCGATGATAAGCTGTC>3

The resulting PCR product was digested with HindIII and
Ascl and ligated with pMAK-CL (described in Example 3
and FIG. 8L) plasmid DNA that had been digested with
HindIII and Ascl and treated with Antarctic Phosphatase
(New England BioLabs, Ipswich, Mass.) according to the
vendor protocol. Ligation products were transformed into E.
coli NEB5a. (New England BioLabs, Ipswich, Mass.), and
plasmid DNAs from resulting transformants were screened
for the presence of the cloned PCR fragment by diagnostic
restriction endonuclease digestions. The recombinant plas-
mid from one such transformant was designated as pBR1087
and used in gene replacement experiments to delete the tetR
gene from the MSC467 chromosome. The structure of
pBR1087 is diagrammed in FIG. 8U. This plasmid was trans-
formed into MSC467 with selection for chloramphenicol-
resistance at 30° C., the permissive temperature for replica-
tion of the pMAK705-based replicon. Cultures grown at 30°
C. were subsequently plated at 43° C. in the presence of
chloramphenicol at 34 pg/mL (Cm>*), and resulting colonies
were picked and streaked onto LB+Cm>* plates at 43° C.
Resulting colonies were screened by PCR for the integration
of pBR1087 at the targeted locus, and isolates that were
identified as containing the plasmid sequences integrated at
this locus were sub-cultured in [.B liquid medium at 30° C. in
the absence of chloramphenicol. Subsequently, isolates thus
sub-cultured were plated on LB at 30° C. in the absence of
chloramphenicol, and resulting colonies were tested for sen-
sitivity to chloramphenicol and tetracycline. Chlorampheni-
col-sensitive, tetracycline-sensitive derivatives, the presump-
tive gene replacement strains in which the tetR gene has been
deleted as a result of excision of the integrated plasmid, were
obtained and screened by PCR to confirm this presumptive
chromosomal structure.

One strain that was thus identified as having undergone
deletion of the tetR gene was designated as MSC561 and the
structure of the chromosomal K4 gene cluster of MSC561 is
shown in FIG. 8T. The deletion extends from 71 bp down-
stream of the kpsS coding sequence up to the Ascl site at the
5'end of the sequences downstream of the colanic acid locus.
The deletion includes the entire tetR gene.

Example 11

This Example Demonstrates that Increasing the Gene
Dosage of the K4 Region 2 Genes (kfoABCFG)
Relative to the Regions 1 and 3 Genes Results in

Significantly Greater Chondroitin Production in E.
coli K-12 Shake Flask Cultures

E. coli K-12 strain MSC467 (Example 10) contains regions
1, 2, and 3 at the colanic acid locus under control of the Pm
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promoter and xylS at the thuA locus under control of the
synthetic consensus promoter. Plasmid pCX039 (Example 4)
contains the region 2 kftoABCFG genes under control of the
Pm promoter and also contains the native xylS gene. pCX039
was transformed into MSC467 to create strain MSC499. Con-
trol strain MSC498 was created by transforming pDD63 (Ex-
ample 4) into MSC467. Chondroitin production in shake flask
cultures (TB/Cm>* medium, 30° C., 72 hr) with variable
inducer concentrations was determined for these two strains.
(Table 9A).

TABLE 9A
Strain Strain description m-TA  CH; pg/mL
MSC498 MSC467 + pDD63 (xylS; 0 109
no K4 genes) 1 mM 349
2 mM 342
3mM 359
MSC499 MSC467 + pCX039 (xylS; 0 760
kfo ABCFG) 1 mM 1067
2 mM 916
3mM 951

Increasing the region 2 gene dosages by presenting them on
aplasmid clearly resulted in higher chondroitin production. A
relatively high level of production was seen in strain MSC499
without induction. This was likely due to uninduced expres-
sion of the K4 genes due to enhanced expression of the
modified xylS gene present in the MSC499 chromosome. As
noted above, it is known that high levels of XyIS protein can
activate the Pm promoter even in the absence of added
inducer (Dominguez-Cuevas et al., 2008). To determine
whether additional plasmid-encoded XylS is required for
optimal chondroitin production in this plasmid system,
derivatives of plasmids pDD63 and pCXO039 lacking xylS
genes were constructed. These plasmids each contain two Nsi
I restriction sites that flank the entire xylS gene coding
sequence within 1049 bp fragments (see Example 4).
Samples of these plasmids were digested with Nsil, heat-
treated to inactivate the enzyme, and then treated with T4
DNA ligase to generate circular plasmids lacking the xylS
gene fragment. The pDD63ANsi was first transformed into E.
coli MSC188 (Example 3). The characterized pDD63AxylS
plasmid was named pCX069. This plasmid was subsequently
transformed into E. coli MSC467 (Example 10) to create
strain MSC510. The pCX039ANsi sample was transformed
directly into MSC467, and the characterized AxylS plasmid
was named pCX074. Chondroitin production by these strains
plus the MSC498 and MSC499 control strains was deter-
mined as described previously in this Example, and the
results are shown in Table 9B.

TABLE 9B
strain plasmid m-TA  CH; pg/mL
MSC498 MSC467 + pDD63 (xylS; 1 mM 338
no K4 genes) 2 mM 358
MSC499 MSC467 + pCX039 (xylS; 1 mM 1024
kfo ABCFG) 2 mM 964
MSC510 MSC467 + pCX069 1 mM 310
(pDD63AxylS) 2 mM 359
MSC511 MSC467 + pCX074 1 mM 874
(pCX039AxylS) 2 mM 1135

Deletion of xylS from pCX039 did not reduce the maximal
amount of chondroitin produced but a higher inducer level
was needed to achieve the maximal level; see MSC511 vs.
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MSCA499 in Table 9B. This result illustrates the interrelated-
ness of XylS levels, inducer levels, K4 gene complement, and
chondroitin productivity.

Example 4 above describes the derivation of plasmid
pDD80, a pMAK705-based replacement plasmid designed
for insertion of xylIS and the region 2 kfoABCFG genes, all
expressed from the synthetic consensus promoter, into the E.
coli chromosome at the thuA locus. Table 9C below describes
chondroitin production in MSC467 (chromosomal xylS) and
MSC392 (no xylS) strains (Example 10) containing pDD80
as an extra-chromosomal element.

TABLE 9C
Strain Strain description m-TA  CH; pg/mL
MSC499 MSC467 + pCX039 (xylS; 0 410
kfo ABCFG) 1 mM 897
MSC522 MSC467 + pDDO8O (xylS/ 0 997
kfo ABCFG) 1 mM 896
MSC526 MSC392 + pDDO8O0 (xylS/ 0 868
kfo ABCFG) 1 mM 968

Similar to the cases with pCX039, plasmid pDD8O
enhanced chondroitin production in E. coli host strains con-
taining chromosomal copies of the entire complement of K4
chondroitin biosynthesis genes (regions 1, 2, and 3). Induc-
tion had little effect on chondroitin production in strains
containing pDD8O, regardless of the presence or absence of
xylS copies in the chromosome. This is likely a result of a
relatively high level of Xyl1S in these strains due to expression,
from a multicopy plasmid, of the modified xyIS gene driven
by the strong synthetic promoter, and containing the opti-
mized ribosome binding site and hairpin structure added to
the mRNA 5-prime end.

Example 12

This Example Demonstrates that the Addition of a
Single Additional Copy of the kfo ABCFG Genes to
the Chromosome of Strain MSC467 Increases
Chondroitin Production

Example 11 above demonstrates that chondroitin produc-
tion by strain MSC467 in shake flasks was greatly enhanced
when extra copies of the K4 region 2 genes kfo ABCFG under
control of the Pm promoter were introduced into MSC467 on
plasmid pCX039. Similar results were obtained when plas-
mid pDD80 was introduced into MSC467. Plasmid pDD80,
described in Example 4 carries the kfoABCFG genes under
transcriptional control of the synthetic xylS promoter
described in Example 10 above. These results indicate that
increasing the levels of one or more of the proteins encoded
by the kfoABCFG genes significantly increases chondroitin
production. Cloning of these genes on a multi-copy plasmid
provides one method for increasing the production of these
proteins. An alternative method for increasing the production
of these proteins, without employing a plasmid expression
platform, is to insert multiple copies of these genes into the
chromosome of the host organism.

A second copy ofthe kfo ABCFG gene set was inserted into
the chromosome of the MSC467 at the thuA locus, immedi-
ately downstream of the modified xylS gene, under transcrip-
tional control of the synthetic xylS promoter. A replacement
vector was constructed for this purpose by cloning the kfo-
ABCFG genes on a Pstl fragment excised from pCX039 into
the compatible Nsil site of pDD79 as detailed in Example 4.
In the resulting plasmid, pDD8O0, the kfoABCFG genes are
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transcribed by the synthetic xylS promoter which was
designed to be a strong constitutive promoter. pDD80 was
transformed into MSC467 to produce strain MSC522 which
was shown in Example 10 above to produce approximately 1
g/l chondroitin in shake flasks. A replacement strain
(MSC537) was derived from MSC522 via procedures for
pPMAK705-based plasmid replacements as detailed in
Example 3 and Example 10 above. This strain carries one
additional copy of the kfo ABCFG genes inserted at the thuA
locus, immediately downstream of the xylS gene, in the
MSCA467 chromosome.

MSC537 was tested in parallel with MSC467 for chon-
droitin production. Cultures were inoculated at approxi-
mately 0.01 OD A600 in TB medium at 30° C. At an OD of
approximately 0.10, cultures were induced by addition of 1
mM m-TA and cultured for an additional 72 hours. Samples
were taken for chondroitin assays at 48 and 72 hours post-
induction. At 72 hours post-induction, MSC537 produced
0.57 g/L. chondroitin while MSC467 gave 0.45 g/L; an
increase of approximately 25% for MSC537 vs. MSC467. In
further experiments, when MSC537 and MSC467 were tested
in parallel for chondroitin production in shake flasks,
MSC537 consistently produced more chondroitin (20-30%)
than MSC467. This result indicates that the addition of a
single additional copy of the K4 region 2 genes kfoABCFG to
the MSC467 chromosome can increase chondroitin produc-
tion although not to the same extent that the addition of
multiple copies of the kfoABCFG genes increases chon-
droitin production in strains MSC499 and MSC522. These
two strains, which carry the cloned kfoABCFG genes on
multi-copy plasmids, produce approximately 2-fold more
chondroitin than MSC467 (see Example 10). The plasmid
pCX039 was transformed into MSC537 to create strain
MSCS551.

Like MSC467, the MSC537 strain contains the tetracy-
cline-resistance gene derived from pDD74 (see FIG. 8L)
inserted in the chromosome immediately downstream (3') of
the kpsS gene of the chromosomal K4 gene cluster present in
MSC537. As noted above, in some embodiments it is desir-
able for strains to be tetracycline-sensitive. Therefore, the
tetR gene was deleted from the chromosome of MSC537
using the same procedures, and replacement plasmid
(pBR1087) as described above in Example 10 for deletion of
the tetR gene from the chromosome of MSC467. The result-
ing tetracycline-sensitive derivative of MSC537 was desig-
nated MSC562. In a shake flask experiment, MSC562 and
MSC537 were grown in TB medium at 30° C. and induced by
addition of 1 mM m-TA. Chondroitin titers of culture samples
harvested at 72 hours post-induction were determined and
found to be comparable to each other; 0.51 g/L. for MSC562
vs. 0.57 g/L. for MSC537.

Plasmids pCX039, which contains the kfoABCFG genes
as shown in FIG. 8Q, and pDD63, the vector-only control
plasmid shown in FIG. 8I, were transformed into strain
MSC562 to create strains MSC564 and MSC563, respec-
tively. In shake flasks experiments, MSC563 and MSC564
were grown at 30° C. in TB medium containing tetracycline
(5 pg/mL) for plasmid selection and induced with 1 mM
m-TA. At 72 hours post-induction, cultures of MSC564 and
MSC563 produced chondroitin at titers of 0.81 g/L. and 0.29
g/L, respectively.

In this experiment, in which cultures were grown in the
presence of tetracycline, plasmid retention of pCX039 in
MSC564 was very efficient. A sample from the 72 hour cul-
ture of MSC564 was diluted and plated on LB plates and LB
plates containing 5 pg/ml. tetracycline. The titers of colony
forming units (CFU) were not significantly different under
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these two plating conditions; 1.16x10° CFU/mL on LB vs.
1.28x10° CFU/mL on LB+tetracycline. Thus, under the con-
ditions of this experiment, no loss of the plasmid was
detected.

It is expected that subsequent additions of more copies of
the kfoABCFG genes to the chromosome of MSC537 will
further increase chondroitin production in this strain. Addi-
tional copies of these genes can be inserted at other chromo-
somal loci using the gene targeting procedures detailed in
Example 3. A wide variety of non-essential loci are known in
E. coli which could serve as additional sites for integration of
these genes. In addition, tandem arrays, consisting of two or
more copies of the kfo ABCFG gene set, could be constructed
on gene replacement plasmids and introduced into the chro-
mosome in a single gene replacement event.

Moreover, additional methods for increasing the produc-
tion of the proteins encoded by the kfto ABCFG genes include
codon optimization of protein coding sequences, and optimi-
zation of the sequences of promoters, ribosome binding sites
and 5-prime untranslated regions of mRNAs of these genes.
Such sequence optimizations could be applied to genes that
were expressed from plasmid vectors and to genes that were
inserted into the chromosome.

Example 13

This Example Describes the Introduction of
Chondroitin Biosynthesis Genes into Xanthomonas
campestris Using Plasmid Vectors and Chromosomal
Integration, and Demonstrates Recombinant DNA
Mediated Chondroitin Biosynthesis in Xanthomonas
campestris in Shake Flasks

Specifically, described herein is the construction of plas-
mids containing combinations of the K4 biosynthetic genes
and their introduction into Xanthomonas campestris strain
MSC255. Further described is the use of derivatives of plas-
mids pKM001 and pKMO002 (described in Example 3) to
stably insert the chondroitin biosynthetic genes and subsets
thereof into the X campestris strain MSC255 chromosome at
the site of the deletion of the xanthan gum operon.
Introduction of Chondroitin Biosynthetic Genes into X.
campestris as Extra-Chromosomal Elements.

The present inventors have discovered that introduction of
large plasmids into X. campestris directly from E. coli donors
(e.g., via tri-parental crosses) or as plasmid purified from £.
coli strains (e.g., via electroporation—see below) can result
in structural anomalies in the resulting plasmid in X. campes-
tris. Relatively small plasmids appear less sensitive to this
phenomenon, which may be due to restriction systems native
to X. campestris (Feyter and Gabriel, J. Bact. 1991; 173:
6421-6427, da Silva et al., Nature 2002; 417:459, Roberts et
al., Nuc. Acid Res. 2010; 38:D234) that have a relatively
greater effect on larger DNA molecules. The present inven-
tors have used two approaches that successfully overcome
this effect. In one approach, a large plasmid encompassing
regions 1, 2, and 3 genes was reconstructed from smaller
plasmids purified from X. campestris transformants. In a sec-
ond approach, the regions 1,2, and 3 genes were split between
two (smaller) compatible plasmids.

Electroporation was used to introduce plasmids into X.
campestris cells (Oshiro et al, J. Microbiol. Method 65:171-
179, 2006). Plasmid pDD67 (described in Example 4) was
digested with restriction enzymes BamHI and Rsrll (which
bound the region 2 genes) followed by reaction with T4 DNA
polymerase (to create blunt ends) and ligation. The resulting
mix was transformed into E. coli, and tetracycline-resistant
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isolates were characterized. The resulting plasmid, pKM0O0S,
shown in FIG. 10A, containing Pm-driven regions 1 and 3
genes, was then transformed by electroporation into X.
campestris 1o create strain MSC338. Likewise, pCX039 (Ex-
ample 4) was transformed into X. campestris to create
MSC326. Plasmids pKMO05, purified from MSC338, and
pCX039, purified from MSC326, were each digested with
HindIII plus Avrll, and the region 1, 3 fragment from
pKMO05 was ligated with the vector/region 2 fragment of
pCX039. The resulting mix was transformed directly into
MSC255 with selection for tetracycline-resistance. One X.
campestris transformant, MSC348, was shown to contain the
plasmid pKMO007 (FIG. 10A) which was indistinguishable
from pDD67 by restriction digests of plasmid that had been
transferred back to E. coli. For control purposes, X. campes-
tris strain MSC255 was transformed with pDD63 vector to
create strain MSC397.

Plasmid pJAK15 (ATCC77290, obtained from ATCC)
belongs to the IncQ incompatibility group and encodes kana-
mycin resistance. The HindIIl/ Avrll fragment from pKMO005
(containing the Pm-driven regions 1 and 3; see above) was
ligated with the vector/kanamycin resistance HindIIl/Xbal
fragment from pJAK15. The resulting plasmid, pKMO006, as
shown in FIG. 10B, contains inducible regions 1 and 3 genes
on a vector compatible with the various pBHR 1-derived plas-
mids. Strain MSC326 (MSC255 pCX039) was transformed
with pPKMO006 with simultaneous selection for kanamycin
and tetracycline resistance to create strain MSC350.

The knock-out vectors pKM001 and pKMO002 were first
modified by introduction of a short DNA oligonucleotide
linker that carries Ascl, Sbfl, Swal and Xhol cloning sites into
the Notl restriction sites that define the junctions of the
upstream and downstream regions of homology in pKMO001
and pKMO002. The linker was made from annealed oligo-
nucleotides prKMO015 and prKMO16 such that single-strand
overhangs were present that are compatible with those gen-
erated by Notl digestion of pKMO001 and pKMO002. The
resulting plasmids, designated pKMO008 and pKMO09
respectively, contain the linker oriented such that the Ascl
restriction sites are proximal to the upstream regions.

prKMO15 (5'-3')
(SEQ ID NO: 99)
AscI Swal Xhol

GGCCGCGGCGCGCCTGCAGG ATTTAARATCTCGAGGC
prKMOle (3'-5')

(SEQ ID NO: 100)
CGCCGCGCGGACGTCCTAAATTTAGAGCTCCGCCGG
SbfI

Replacement vectors having only the K4 region 2 genes
(kfoA, kfoB, kfoC, kfoF and kfoG) were constructed as fol-
lows: pKMOO08 was digested with Sbfl-Xhol or AscI-Xhol
and pCX039 was digested with Sbfl-Sall or Ascl-Sall. Sbfl-
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Sall treatment produces a kfo ABCFG-containing fragment
from pCX039 and Ascl-Sall treatment produces a Pm pro-
moter-kfoABCFG-containing fragment. These fragments
were cloned into pKMOO8 which was first digested with
Sbfl-Xhol or AscI-Xhol to generate plasmids pKMO010 (kfo-
ABCFG: Pm-) and pKMO11 (kfoABCFG: Pm+) respec-
tively. Plasmids pKMO010 (SEQ ID NO:145) and pKMO011
(SEQ ID NO:146) were used to construct additional replace-
ment vectors that also incorporate the K4 region 3 (kpsF,
kpsE, kpsD, kpsU, kpsC and kpsC) and region 1 (kpsM and
kpsT) genes. pPKMO010 and pKMO11 were digested with Sb{l-
Avrll and these linearized vectors were ligated with the kps-
FEDUCSMT-containing fragment produced by Sbfl-Avrll
digestion of pDD67. The resulting plasmids were designated
pKMO012 (Pm-) and pKMO13 (Pm+). Derivation of plasmids
pKMO10 (SEQ ID NO:145) and pKMO12 (SEQ ID NO:147)
is diagrammed in FIG. 10C. Derivation of plasmids pKMO011
(SEQ ID NO:146) and pKMO013 (SEQ ID NO:148) is dia-
grammed in FIG. 10D.

The upstream region of the xanthan gum gene cluster,
which is cloned in all of the pPKMO008-pKMO13 constructs, is
reported to encompass the gum gene cluster promoter (Fe-
derico et al; J. Bact. 1996; 178:4313-4318). Therefore, X.
campestris strains that contain sequences derived from
pKMO10 or pKMO012 recombined into the chromosome are
expected to transcribe the K4 genes from the endogenous
gum promoter. In contrast, pPKMO011 and pKMO013 have ter-
minator sequences (derived from pDD67) located between
the gum promoter and the Pm promoter. Therefore, the
expression of K4 genes in recombinant X. campestris con-
taining pKMO11 or pKMO13 sequences is expected to be
regulated by the Pm/XyIS system.

For each of these replacement plasmids, the “pop-in/pop-
out” methodology (detailed above) was used to recombine the
respective K4 gene clusters into the chromosome of X
campestris strain MSC255 at the (deleted) gum locus. The
plasmids were introduced into MSC255 by electroporation
with selection for tetracycline resistance. Intermediate and
final strains are indicated in Table 10A below. Recombinants
in which the “pop-in” has taken place at the gum locus were
identified by PCR. Resolution of the integrants was allowed
to occur by culturing in the absence of antibiotic selection,
and tetracycline sensitive (“pop-out”) derivatives were sub-
sequently identified. PCR was then used to identify the “pop-
out” derivatives in which the respective K4 gene clusters have
successfully integrated into the gum locus in the desired
orientation. Plasmid pDD63 (carrying the xylS inducer gene)
was then transformed into the recombinants in which the Pm
promoter is driving the K4 gene sets. The genetic structure of
the four key Xanthomonas chromosomal insertion strains
(containing no plasmid-encoded K4 genes), MSC480,
MSC469, MSC461, and MAC494, is summarized in Table
10A.

TABLE 10A

Replacement

pDD63 (xylS)

plasmid Promoter K4 genes “pop-in” strain “pop-out” strain  transformant
pKMO010 gum kfoABCFG MSC435 MSC480 —
pKMO11 Pm kfoABCFG MSC441 MSC455 MSC469
pKMO012 gum kpsFEDUCS MSC466 MSC461 —
kpsMT
kfoABCFG
pKMO013 Pm kpsFEDUCS MSC448 MSC493 MSC494
kpsMT

kfoABCFG
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Chondroitin Production in Shake Flasks of Recombinant
Xanthomonas campestris.

Unless otherwise stated, growth of X. campestris strains in
shake flasks for evaluation of chondroitin production was
conducted in YMG medium (5 g/L. proteose peptone, 3 g/l
yeast extract, 3 g/[. malt extract, 10 g/, glucose). Cultures
were routinely grown at 30° C. in 50 mL. medium ina 250 mL,
growth flask at 200-225 rpm with the required antibiotics for
selection (e.g., 2-5 pg/ml. tetracycline, 10 ug/ml. kanamycin)
for 48 hr. For induction of Pm-driven gene sets, 2 mM m-TA
was added when culture densities reach approx. OD600=0.5.

Strains with Extra-Chromosomal K4 Biosynthetic Genes.

Chondroitin production in Xanthomonas campestris strain
MSC255 (AgumB-gumM) transformed with various plas-
mids was determined by culturing and assaying as described
above. Results are shown in Table 10B.

TABLE 10B

K4 Culture CH
Strain Plasmids genes age (hr) OD600 (ng/mL)
MSC397 pDD63 — 48 5.44 nd*
MSC326 pCX039 region 2 48 1.53 104
MSC348 pKMO07 all 48 2.49 37.2
MSC350 pCX039 all 41 2.16 41.2

pKMO06

*none detected

The control strain MSC397, containing the empty vector,
made no detectable chondroitin. Strains MSC348 and
MSC350, containing the regions 1, 2, and 3 genes, produced
about 40 pg/ml. chondroitin under these conditions. Strain
MSC326, containing just the region 2 genes, produced about
100 pg/ml. chondroitin.

In another experiment, chondroitin production in strain
MSC326 (MSC255 pCXO039) containing the kfoABCFG
genes was 166 pg/ml after 48 hr; control strain MSC397
(MSC255 pDD63—vector control) produced no detectable
chondroitin. In fractions from non-autoclaved samples of the
MSC326 culture, the cell-free supernate and cell pellet frac-
tions contained 100 pg/ml and 71 pg/ml. chondroitin,
respectively. These results show that the K4 region 2 genes
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as defined by loss of antibiotic resistance. Integration of the
K4 biosynthetic genes into the X. campestris chromosome
should minimize such instability as well as facilitate large
scale culturing of these strains. Chondroitin production in the
four strains with chromosomally integrated K4 genes (see
above) is shown in the Table 10C below. The strains were
grown in either modified YMG medium (YMGM(5): YMG
buffered with 80 mM MOPS (pH 7.0), 5 g/L. glucose) or TB
medium for 48 hours. Tetracycline is present at 5 pg/ml. in
strains with pDD63. Chondroitin was produced from both
promoters and in both media. Significantly, chondroitin was
produced when only the region 2 genes are present. See table
10C.

TABLE 10C
chon-
mTA  droitin
Strain Promoter K4 genes Medium inducer (ug/mL)
MSC480  Gum region2 YMGM (5) none 97.5
MSC480  Gum region 2 B none 117
MSC469 Pm (+pDD63) region2 YMGM (5) 2mM 316
MSC469 Pm (+pDD63) region 2 B 2mM 297
MSC461  Gum all YMGM (5)  none 80.8
MSC461  Gum all TB none na*
MSC494  Pm (+pDD63) all YMGM (5) 2mM 108
MSC494  Pm (+pDD63) all TB 2mM 122

*not assayed

In another experiment, selected strains were grown in
YMGM medium with varying glucose levels. Chondroitin
was produced at all glucose concentrations in strains carrying
sets of the biosynthetic genes (but not in a control strain
lacking such genes). The greatest production under these
conditions was 390 pug/ml. in strain MSC469 containing just
the region 2 genes under control of Pm/xylS induction. Assay
of'the non-autoclaved cell-free supernate and cell pellet of the
YMGM +10 g/LL glucose culture of MSC469 found 167
png/ml and 150 pg/mL chondroitin, respectively. As before,
these results suggest that the chondroitin is being exported
from the cells. See Table 10D.

TABLE 10D
Glucose chondroitin
Strain Promoter K4 genes Medium (g/L) mTA inducer OD600  (ug/mL)
MSC255 — — YMGM 10 none 4.660 nd*
MSC461 Gum all YMGM 5 none 2492 69.2
MSC461 Gum all YMGM 10 none 2.353 62.5
MSC461 Gum all YMGM 20 none 2.278 72.9
MSC469 Pm region YMGM 5 2mM 3.515 390.2
(pDD63) 2
MSC469 Pm region YMGM 10 2mM 3.586 3674
(pDD63) 2
MSC469 Pm region YMGM 20 2mM 2.893 246.7
(pDD63) 2
*none detected
(minus those directing fructosylation) are sufficient for chon- Example 14
droitin production in X. campestris and further suggest that 6o

the chondroitin is being exported from the cells by some
uncharacterized endogenous mechanism or by cell break-
down or lysis.

Strains with Chromosomally Encoded K4 Biosynthetic
Genes.

The extra-chromosomal plasmids described above are,
with varying frequencies, lost from bacterial cells in culture

65

This Example Describes the Methods for Assaying
Fructosylated and Unfructosylated Chondroitin

Preparation of Chondroitin from Bacteria

Recombinant chondroitin (rfCH) was captured using an
anion-exchanger DEAE-cellulose DES2 column. After wash-
ing with 5 volumes of 100 mM NacCl, the column was eluted
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with 5 volumes of 300 mM NaCl. The eluate was concen-
trated and dialyzed against 10 volumes of distilled water. The
dialyzed solution was lyophilized. The lyophilized powder
was used as rCH.

Fructosylated chondroitin capsular polysaccharide (K4P)
was purified from the culture of strain U1-41 (Escherichia
coli 05:K4:H4) according to the method of Manzoni, M. etal.
(Biotechnology Letters 1996; 18:383-386). Preparation of
defructosylated K4P (DFK4P) from K4P was performed
according to the method of Lidholt, K., et al. (J. Biol. Chem.
1997; 272: 2682).

Sample Preparation and Chondroitin Assay by HPLC

Flask culture samples (typically 5 mL.) were autoclaved at
121° C. at >15 psi for 5 min. and allowed to cool. Samples
were then re-adjusted to the original volume with water as
needed to account for losses during autoclaving. Samples
(1.5-5 mL) were centrifuged (typically 3500 g for 10 min. for
lower cell density flask cultures; 12000 g for 5 min. for
fermentation or higher density cultures) to yield supernate
and pellet fractions. In some cases, as indicated, samples were
centrifuged without prior autoclaving. Culture samples or
separated supernates and pellets were usually stored at -20°
C. until assayed.

For analysis of cell-associated chondroitin, cell pellets
were resuspended in an original volume of 50 mM sodium
phosphate buffer pH 7.2 and hydrolyzed with 5-10 mg/mL
lysozyme (Sigma [.-7651) and 60 U/mL deoxyribonuclease |
(Sigma D-4527) at 37° C. for 2 hr followed by 200 ng/ml.
proteinase K (Promega V3021) at 37° C. for 1 hr. After ter-
minating the reaction (90° C., 5 min), the solutions were
centrifuged to remove cell debris.

For analysis of fructosylated chondroitin capsular polysac-
charide (K4P), samples (flask/fermentation broth supernates
or clarified hydrolyzed cell pellets) were first defructosylated
using mild acid hydrolysis; i.e., adjusted with HCl to pH 1.5,
incubated at 80° C. for 30 min. and then neutralized with 0.5
M sodium carbonate. Prior to lyophilization, the DFK4P
samples and the non-fructosylated rCH samples (fermenta-
tion broth supernates, hydrolyzed cell pellets or reconstituted
precipitates) were dialyzed overnight against deionized water
(Pierce Biotechnology Slide-A-Lyzer®, molecular weight
cut-oft 7 kD) or partially purified by centrifugal ultra-filtra-
tion (Amicon Ultra-0.5 Centrifugal Filter Device, 10 kD
nominal molecular weight cut-oft) with elution in deionized
water.

Chondroitin that is not fructosylated can be completely
hydrolyzed to an unsaturated non-sulfated disaccharide,
2-acetamido-2-deoxy-3-O-(-D-gluco-4-enepyranosylu-
ronic acid)-D-galactose (Adi-0S) by the chondroitin-degrad-
ing enzyme, which was named chondroitinase ABC (Seika-
gaku Biobusiness, Japan). Consequently, the amount of
chondroitin in sample solutions that is not fructosylated can
be determined by quantifying this disaccharide enzymatically
produced from the polysaccharide using a HPL.C system.

The residue after lyophilization was dissolved in THB (50
mM Tris-HCl buffer with 50 mM sodium acetate pH 8.0) and
hydrolyzed with chondroitinase ABC (2 units/m[, 37° C. for
3 hr). After terminating the enzymatic reaction by heating at
90° C. for 5 min., the mixture was centrifuged at 10000 rpm
for 5 min. to remove insoluble sediments. The supernatant
was filtrated using Microcon centrifugal filter (Ultracel
YM-10; Millipore) to remove enzyme and non-chondroitin
polysaccharides. The resulting unsaturated disaccharide
(2-acetamido-2-deoxy-3-O-(p-D-gluco-4-enepyranosylu-
ronic acid)-D-galactose; Adi-0S) was separated by reverse-
phase ion-pair HPLC (Senshu Pak Docosil, 4.6x150 mm;
particle size, 5 pm), labeled post-column with 2-cyanoaceta-
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mide, detected with fluorescence (Toyoda, H., et al. J. Biol.
Chem., 2000; 275:2269), and quantified against external stan-
dards prepared from commercially available chondroitin
(Seikagaku Biobusiness, Japan) or rCH. The typical calibra-
tion curve for the disaccharide is shown in FIG. 11B. The
calibration curve for the disaccharide was linear in the range
of'2 to 200 pg/ml, and the detection limit of the disaccharide
was 1 pg/mL. The concentration of the chondroitin polysac-
charide can be calculated using the following formula,

Concentration; pg/mL=[4]/fS]x[D],

where [A] represents the peak area of Adi-0S in the sample
chromatogram, [S] represents the slope of calibration curve
for Adi-0S concentration and [D] represents the dilution fac-
tor.

ELISA Method for Quantification of Fructosylated Chon-
droitin

Biotinylation coupling through carboxyl groups of K4P
was performed according to the method of Osmond, R. 1. W.
etal., Analytical Biochemistry 2002;310: 199-207). 100 ul of
biotinylated K4P (1 pg/ml) was conjugated to a streptoavidin
coated 96-well micro-titer-plate (Thermo Scientific, Japan) at
room temperature for 30 min. After washing the plate using
50 mM Tris-HCI buffered saline (NaCl 100 mM) supple-
mented with 0.05% TWEEN® 20 and 0.05% Proclin (pH
7.5). 50 ul of culture supernatant or standard K4P solution,
and 50 pl of anti-K4P serum (Statens Serum Institut, Den-
mark) at a dilution of 2.5x10° were added to the wells and
incubated for 60 min. After washing the wells again, HRP-
labeled anti-rabbit immunoglobulins (P0448, DAKO
JAPAN, Japan) at a dilution of 2000x was added and incu-
bated for 60 min. After washing the wells again, TMB solu-
tion (TMBW-1000-01, BioFX Laboratories Inc., Owings
Mills, Md.) containing H,O, was added as substrate and
incubated at room temperature for 30 min. 50 ml of Stop
Reagent (STRP-1000-01, BioFX Laboratories Inc., Owings
Mills, Md.) was added and the absorbance at 450 nm was
measured. Under these assay conditions, other polysaccha-
rides such as unfructosylated chondroitin, heparosan and
DFKA4P do not compete with K4P. A typical standard curve is
shown in FIG. 11A.

SEC-HPLC Analysis of rCH, K4P and DFK4P

Weight average molecular weight (“Mw”") and chondroiti-
nase-digestibility of polysaccharides was determined by ana-
lyzing on a SEC-HPLC using an TOSOH HLC-8220GPC
system equipped with a refractive index detector and tandem
columns of TSK-gel PWXI.-4000, PWXL.-3000, and PWXI -
2500 (TOSOH, Japan) at a constant flow rate of 0.6 m[./min
with 0.2 M NaCl. Fifty pl. of polysaccharide solution was
injected at a concentration of 1 mg/ml. on the column. The
columns and detector compartment were maintained at 40° C.
Mw-defined chondroitin sulfates (Mw: 52.2,31.4,20.0, 10.0,
6.6, and 1.0 kDa) were used as molecular weight standards.

Typical elution profiles of rCH (which is not fructosylated)
before and after chondroitinase ABC digestion are shown in
FIG. 12. Calculated weight average molecular weight of rCH
was 120 kDa.

Determination of chondroitinase digestibility of K4P and
DFKA4P was performed as follows. K4P and DFK4P were
dissolved in 50 mM THB (Tris-HCI with 50 mM sodium
acetate pH 8.0), to give a final concentration of 1 mg/ml. and
divided into equal parts. A part of the solution was directly
analyzed on the SEC-HPLC as described above. Another part
was analyzed on the same system followed by processing
with chondroitinase ABC (final concentration; 2 units/ml.) at
37¢ C. for 3 hours. Results are shown in FIG. 13. The molecu-
lar weight values of K4P and DFK4P prepared from the
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culture of E. coli K4 U1-41 were 33 kDa and 28 kDa, respec-
tively. DFK4P was completely digested into the disaccharide,
Adi-08S, by chondroitinase treatment whereas K4P was par-
tially digested with the enzyme (FIG. 13). These results indi-
cated that K4P was converted to the defructosylated form
without affecting the chondroitin backbone structure of K4P
by the defructosylation process described above. Conse-
quently, the amount of K4P in samples can also be determined
by quantifying the disaccharide enzymatically produced from
the polysaccharide using the chondroitinase/HPL.C method
when samples were processed in the defructosylation process
before the enzyme digestion.

Example 15
This Example Illustrates Sulfation of Chondroitin

Chondroitin prepared in Example 14 was subjected to par-
tial depolymerization to obtain a chondroitin of molecular
weight app. 30kDa. 30 mg of'this chondroitin was solubilized
into 0.6 mL of dry formamide (FA) with stirring at 60° C.
When the solution became completely homogeneous, solid
sulfur trioxide-TEA complex (5 eq. of chondroitin disaccha-
ride unit) was added and the stirring was continued for 120
min. The sulfation reaction was stopped by addition of 3x vol.
of 1 M sodium acetate solution and was allowed to stand for
another 30 min at room temperature. The solution was dia-
lyzed against distilled water for 3 days, neutralized by NaOH,
and lyophilized to a white powder (32 mg, 107%). Further
analysis of the recombinant chondroitin sulfate demonstrated
a molecular weight of 29 kDa, 5.2% of sulfur.

In another experiment, above-mentioned chondroitin (50
mg) was solubilized into 1.0 mL of dry formamide (FA) at an
ambient temperature. When the solution became clear, chlo-
rosulfonic acid (5 eq. of CH disaccharide unit) was slowly
added and maintained with continuous stirring for 20 min.
The sulfation reaction was stopped by addition of 3x vol. of 1
M sodium acetate solution and was allowed to stand for
another 10 min. at room temperature. The solution was dia-
lyzed against distilled water for 3 days, neutralized by NaOH,
and lyophilized to give a white powder (47 mg, 94%). The
analysis of the recombinant chondroitin sulfate showed a Mw
of 33 kDa, 5.2% of sulfur.

Example 16

This Example Illustrates the Chondroitin
Biosynthetic Region 2 Gene Set (kfoABCFG) is
Sufficient for Maximal Enhancement of Chondroitin
Production in E. coli Strain MSC562

A set of plasmids containing combinations of the regions 1,
2, and 3 (R1, R2, and R3) gene sets was prepared from
pBR1052 (FIG. 8K) and pDD67 (FIG. 8J). As described
above, sets of genes were deleted by digestion of a starting
plasmid with particular restriction enzymes; generation of
blunt ends, for example, with T4 polymerase; and ligation of
the resulting vector fragments. E. coli strain MSC188 (Ex-
ample 3) was transformed with the ligation reactions, and
selected antibiotic resistant transformants were evaluated for
the desired features. Due to the fact that pBR1052 contains a
second Pm promoter preceding the region 1 gene set, some of
the plasmids described here also contain a second Pm pro-
moter. All of these described plasmids contain xylS. In Table
11 below, R1=kpsFEDUCS, R2=kfoABCFG, and
R3=kpsMT. Note that a “Pm:R2” plasmid was previously
constructed (pCX039; Example 4). DNA maps for plasmids
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pCX096 (SEQ ID NO:149), pCX097, pCX100, pCX101
(SEQ ID NO:150), and pCX102 are shown in FIGS. 14A,
14B, 14C, 14D, and 14E, respectively. Plasmids pCX097 and
pCX101 were used as starting plasmids for pCX100 and
pCX102, respectively.

TABLE 11
retained starting plasmid kfo gene
gene sets plasmid enzymes used  name structure
R1,R2 pBR1052 Mlul + Sbfl pCX096  Pm:R2/Pm:R1
R1,R3 pBR1052 AvrIl + Nhel ~ pCX097  Pm:R3/Pm:R1
R1 pCX097 PacI + Sbil pCX100  Pm:R1
R2,R3 pDD67 Pacl + Pmel pCX101 Pm:R3, R2
R3 pCX101 AvrIl + Nhel ~ pCX102 Pm:R3

Each of the final plasmids was transformed into host strain
MSC562 resulting in the strains given in Table 12 below.
These strains and pre-existing control strains were grown in
shake flasks with 2xMJ9/tet5 medium, induced with 1 mM
meta-toluic acid at OD600 values of approximately 0.1-0.12,
and evaluated for growth (OD600) and rCH production after
72 hours.

TABLE 12
rCH
OD600  (pg/mlL)
strain plasmid properties 72 hr 72 hr
MSC563 pDD63 (empty) 5.25 107
MSC564  pCX039 Pm:R2 3.52 678
MSC681 pDD66 Pm:R3, R2, R1 7.46 522
MSC682 pDD67 Pm:R1, R3,R2 8.40 208
MSC683 pDD96 Pm:R2/Pm:R1 6.96 729
MSC684  pCX097 Pm:R3/Pm:R1 2.32 172
MSC687 pCX100 Pm:R1 5.83 292
MSC688 pCX101 Pm:R3, R2 7.80 277
MSC689 pCX102 Pm:R3 5.24 121
MSC690 pBR1052  Pm:R3,R2,Pm:RI1 6.29 140
The greatest productivities were seen in strains with plas-
mids carrying only region 2 (MSC564) or the combination of

regions 2 and 1 (MSC683). The combination of regions 2 and
3 (MSC688) resulted in lower productivity. In fact, the pres-
ence of plasmid-borne region 3 appeared inhibitory in other
relevant strain comparisons as well (for example, MSC683
vs. MSC690). These findings support the approach of
increasing rCH productivity by increasing just the region 2
copy number in strain MSC562.

Example 17

This Example Illustrates the Positive Copy Number
Effect of Chondroitin Biosynthetic Gene Region 2
Requires all Five of the kfo ABCDG Genes

Plasmid pCX039 (FIG. 8Q; containing the region 2 genes
kfoABCFG) drove a large (8 to 10-fold) increase in rCH
production when present in host E. coli strain MSC562 (as
compared to MSC562 containing the empty vector pDD63).
Using methods described above (see Example 4) for the dele-
tion of genes from pDD66 and pDD67, two sets of plasmids
were derived from pCX039 to demonstrate the roles of indi-
vidual region 2 genes on stimulation of rCH production by
pCX039.

One set of five plasmids was designed to evaluate the
effects of the removal of one of the region 2 genes. In an F.
colihost such as MSC562, one copy of these genes would still
be present (integrated into the chromosome). This set of plas-
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mids included pCX039 derivatives from which each of the
kfo ABCFG has been individually deleted. Table 13 below
lists the restriction enzymes used to delete the kfo genes and
the names of the resulting plasmids. Example 4 above
describes the derivation of pCX044 in detail. All plasmids
contain xylS.

TABLE 13
deleted gene  enzyme used plasmid name kfo genes
kfoA Rsrll pCX082 (SEQ ID NO:152) kfoBCFG
kfoB BstBI pCX044 (SEQ ID NO:43) kfo ACFG
kfoC Spel pCX075 (SEQ ID NO:153) kfo ABFG
kfoF AfIIT pCX081 (SEQ ID NO:151) kfo ABCG
kfoG Nhel pCX092 (SEQ ID NO:154) kfo ABCF

These plasmids were transformed into host stain MSC562
(chromosomal copies of regions 1, 2 and 3 plus xlyS) to
generate the strains shown in Table 14 below. Cultures were
grown in 2xM9 medium (with 10 g/LL glycerol and 2 ng/mL
Tet) at 30°, induced with 1 mM mTA at OD600 values of
approx. 0.1, and assayed for rCH production after 72 hours of
growth.

TABLE 14
rCH
OD600 (ng/mL)

Strain Plasmid Properties 72 hr 72 hr
MSC563 pDD63 (empty) 6.61 92
MSC564 pCX039  kfoABCFG 3.24 917
MSC566 pCX081  kfoABCG (AkfoF) 6.88 455
MSC567 pCX082  kfoBCFG (AkfoA) 7.05 621
MSC640 pCX044  kfoACFG (AkfoB) 5.81 520
MSC641 pCX075  kfoABFG (AkfoC) 6.87 712
MSC643 pCX092  kfoABCF (AkfoG) 391 775

These results indicate that all five region 2 genes (kfoAB-
CFQG) are required to achieve maximal productivity under
these conditions. The results for MSC563 also indicate that
the expression of the kfoABCFG genes from the chromo-
somal insertion is sufficient to support significant rCH pro-
duction in the absence of plasmid-borne gene copies.

A second set of pCX039 derivatives was designed to evalu-
ate the effects of the presence of individual plasmid-borne
region 2 genes on enhancement of rCH titers in host strain
MSC562. As a means of keeping expression levels compa-
rable among the resulting plasmids, the promoter-proximal
kfoA gene was retained in all constructs. While this design
strategy does not allow for evaluation of plasmid-encoded
kfoB, C, F, or G genes in complete isolation, the retention of
the kfo A gene and the resulting fixed relationship between the
Pm promoter and the first reading frame in all of these plas-
mids are expected to make expression levels from the Pm
promoter comparable. Using the same strategies as described
above, the following derivations (Table 15) were carried out.
All plasmids contain xylS.

TABLE 15
Retained Starting
gene(s) plasmid Enzyme(s) used Plasmid name kfo genes
pCXo044 Spel pCX050 kfoAFG
(kfoACFG)
kfoF (+kfoA)  pCXO050 Nhel pCXO070 kfoAF
kfoA pCX070 AT pCX095 kfoA
kfoB (+kfoA) pCXO039 Nhel + Spel pCX093 kfoAB
(kfoABCFG)
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TABLE 15-continued
Retained Starting
gene(s) plasmid Enzyme(s) used Plasmid name kfo genes
kfoC (+kfoA)  pCX044 AR pBR1077  kfoACG
pBR1077 Nhel pBR1082 kfoAC
kfoG (+kfoA)  pCX050 AR pCX094 kfoAG

Each of the final set of plasmids was transformed into host
strain MSC562 resulting in the strains given in Table 16
below. These strains and MSC563 and MSC564 controls
were grown in shake flasks with 2xM9/tet2 medium, induced
with 1 mM meta-toluic acid at OD600 values of 0.08-0.18,
and evaluated for growth (OD600) and rCH production after
68 hours.

TABLE 16
0OD600 1CH (ug/mL)
strain plasmid properties 68 hr 68 hr
MSC563 pDD63 (empty) 4.82 103
MSC564 pCX039 kfoABCFG 7.91 861
MSC656 pCX095 kfoA 5.06 146
MSC657 pCX093 kfoAB 5.18 236
MSC658 pBR1082 kfoAC 5.22 341
MSC659 pCX070 kfoAF 4.99 198
MSC660 pCX094 kfoAG 5.53 130

These data demonstrate that none of the K4 region 2 genes
(kfoABCFG) individually are sufficient to maximally stimu-
late rCH production in the MSC562 host strain. Taken
together with the findings described above (e.g., Example
16), it is clear that including all five genes of the region 2 gene
set results in maximal enhancement of rCH production.

Example 18

This Example Illustrates Constructs for Increased
Chromosomal Copy Number of Chondroitin
Biosynthetic Gene Region 2 for Greater Chondroitin
Production

Example 12 demonstrates that the addition of a single
chromosomal copy of the region 2 gene set (kfoABCFG) in
an E. coli host already containing single chromosomal copies
of'regions 1, 2, and 3 leads to a significant 20-30% increase in
rCH production. Example 11 demonstrates that a similar host
containing a multi-copy plasmid carrying the region 2 gene
set leads to a 2-300% increase in rCH production. With the
goal of generating high-producing, plasmid-free strains, this
example describes the construction and use of plasmids
designed to increase the chromosomal complement of region
2 copies (driven by the Pm promoter) by inserting them into
various non-essential chromosomal genes chosen specifically
to facilitate identification of such insertions. It is noted that in
using the homology-driven “pop-in/pop-out” methodology
(see Examples 4 and 12) to successively insert copies of
region 2 gene sets into different loci in the host E. coli chro-
mosome, there is increasing competition for undesired target-
ing (homology-driven recombination) into pre-existing
region 2 inserts instead of the desired locus. Therefore, hav-
ing a means of initially identifying strains containing inserts
at the desired locus by simple colony screening instead of by
more laborious and time-consuming PCR becomes increas-
ingly beneficial as the number of region 2 copies in the host
strain rises.
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In this example, three E. coli target loci are described.
These are the genes lacZ, mtlA, and the fruBKA operon
(referred to as “fruA” for simplicity in some cases) that are
necessary for growth on the sugars lactose, mannitol, and
fructose, respectively, but not for growth on other carbon
sources such as glucose or glycerin. Colonies of strains dis-
rupted for these genes can be visually identified on indicator
agars such as MacConkey’s (Miller, I H, Experiments in
Molecular Genetics, 1972) by colony color differences: pink/
red for strains able to utilize the incorporated sugar and white/
light pink for strains with gene disruptions (e.g., insertions).
Alternatively, LB/Xgal/IPTG agar medium (ibid.) can be
used to detect defects in lactose metabolism: blue colonies for
strains able to utilize lactose and white/buff colonies for
strains unable to utilize lactose (such as strains with insertions
into the lacZ gene). Methods such as these, which use color
differences, allow the visual identification of strains likely to
have insertions into the desired locus among a population of
colonies with insertions elsewhere. Those skilled in the art
will recognize that other target loci exist in £. coli that will
allow the screening or selection of desired insert events; non-
limiting examples include pepP, pepQ, feuA(cirA), malB
(lamB), nup A(tsx).

To facilitate the use of plasmid pMAK705 for insertion of
region 2 (“R2”) into the fruBKA, lacZ, and mtlA genes, a
derivative of pMAK705 containing a multi-cloning site was
first developed. Primers DHD266¢ and DHD267¢ contain
one-strand halves of a multiple restriction (cloning) site
(Notl, Xhol, Ascl, Sall, Bglll, HindIII) and are complemen-
tary except for 2-base single strand ends that (when annealed)
are compatible with overhangs generated by digestion of
pMAK?705 with Asel and Clal. Neither Asel nor Clal restric-
tion sites are regenerated upon ligation of these compatible
ends.

DHD266¢C

(SEQ ID NO: 155)
TAGCGGCCGCATACTCGAGCATGGCGCGCCTAACGTCGACTAAGATCTCT
AAGCTT
DHD267¢

(SEQ ID NO: 156)
CGAAGCTTAGAGATCTTAGTCGACGTTAGGCGCGCCATGCTCGAGTATGC

GGCCGC

Plasmid pMAK?705 was digested with Asel and Clal, and
the vector fragment was gel-purified. Phosphorylated oligo-
nucleotides DHD266¢ and DHD267¢ were annealed (200 nM
each oligonucleotide, 90° C. for 5 min, slow cooling to 50° C.
for 30 min), and then ligated to the pMAK705 vector frag-
ment. Ligation reactions were transformed into E. coli
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then for the presence of MCS restriction enzyme sites.
Sequencing of the MCS region identified a plasmid with the
desired structure. This plasmid was named pMAK705pl
(SEQ ID NO:157; FIG. 14Q).

The construction of three vectors for insertion of R2 into
the fruBKA, lacZ, and mtlA loci all took the same two-step
approach. In a first step, the upstream and downstream
regions of homology were generated for each target locus
using PCR primers that allow annealing between the “inside”
ends of the PCR products. This region of homology encom-
passes multiple restriction sites that were later used for addi-
tion of R2. In a second step, the upstream and downstream
PCR products for each locus are mixed in a PCR reaction with
the two “outside” primers used originally to synthesize the
individual template members. Due to the end homologies
designed into the upstream and downstream PCR products
(now templates in step 2), the results of the step 2 reactions
were DNA fragments comprising the appropriate orientations
of'the upstream and downstream regions flanking multi-clon-
ing sites. The PCR products from step 2 were digested with
enzymes whose recognition sequences were designed into the
“outside” primers: Notl for upstream ends and HindIII for the
downstream ends. These fragments were then individually
cloned into pMAK705pl (SEQ ID NO:157) digested with
Notl and HindIIl. The three resulting plasmids contained
approximately 900-1000 bp of properly oriented upstream
(UP) and downstream (DN) regions flanking multi-cloning
sites (MCS) to be used to accept R2 copies. For pBR1093, the
MCS replaced about 20 bp of lacZ coding region. For
pBR1094, the MCS was inserted into the mtlA coding region.
For pBR1095, the MCS replaced the 3-prime end of fruB, all
of fruK, and the 5-prime end of fruA. The primers used to
prepare these intermediate constructs are listed in Table 25
below.

To prepare the region 2 gene set for cloning into pBR1093,
pBR1094, and pBR1095, the kfo ABCFG genes were excised
(without the Pm promoter) from pCX074 (see Example 11)
using Pacl+Clal. The purified R2 fragment was then cloned
into pJ201:11352 (see FIG. 8B) digested with the same
enzymes. This resulted in plasmid pBR1096 in which the
kfo ABCFG genes were again orientated behind the Pm pro-
moter. Now, however, Pm:R2 could be isolated from
pBR1096 as a Xhol/Ascl fragment for cloning into pBR1093
(FIG.148), pPBR1094 (FIG. 14V), and pBR1095 (FIG. 14W).
Table 17 provides the designation of the final replacement
pPMAK705-based Pm:R2 insertion plasmids pBR1100 (for
the lacA locus), pBR1101 (for the mtlA locus), and pPBR1102
(for the fruBKA locus). The sequences for primers
DHD280c, DHD281c, DHD283, DHD285, DHD268c,
DHD269¢, DHD271, DHD273, DHD274c, DHD275c,
DHD277, and DHD279 are shown in SEQ ID NOs:158-169,
respectively.

TABLE 17
Step 1 PCRs UP/MCS/DN final plasmid

locus upstream downstream  Step 2 PCR  plasmid UP/Pm:R2/DN
fruBKA DHD280cx DHD283x DHD280cx pBR1095 pBR1102

DHD281¢ DHD285 DHD285 (SEQ ID NO: 170)
lacZ DHD268x DHD271x DHD268cx pBR1093 pBR1100

DHD269¢ DHD273 DHD273 (SEQIDNO: 171)
mtlA DHD274cx DHD277x  DHD274cx pBR1094 pBR1101

DHD275¢ DHD279 DHD279 (SEQ ID NO: 172)

65

NEB10p with selection for chloramphenicol resistance. Plas-
mids in isolated transformants were screened by PCR and

The previously-described “pop-in/pop-out” methodology
was used with plasmids pBR1100 (SEQ ID NO: 171; FIG.
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14T), pBR1101 (SEQ ID NO:172; FIG. 14V) and pBR1102
(SEQ ID NO:170; FIG. 14X) to impart additional Pm:R2
copies to chosen E. coli strains. Strains were transformed
with pBR1100, pBR1101, or pBR1102 at 30° C. with selec-
tion for chloramphenicol resistance. Transformants were then
plated at 43° C. to MacConkey/fructose/Cm agar (for
pBR1102 transformants), MacConkey/mannitol/Cm agar
(for pBR1101 transformants), or LB/Xgal/IPTG/Cm agar
(for pPBR1100 transformants). Colonies that were conspicu-
ously less colored were chosen for further analysis. Among
these, strains with plasmids integrated into the target loci
were identified by PCR. Strains with successtully-integrated
plasmids were then grown for multiple (e.g., 20-30) genera-
tions in the absence of chloramphenicol selection. Colonies
derived from these cultures were screened for chlorampheni-
col sensitivity (reflecting excision of the plasmids) and
defects in sugar metabolism (reflecting retention of the tar-
geted Pm:R2 insertion). Isolates with the desired phenotypes
were evaluated by PCR for the correct chromosomal struc-
tures. FIG. 15 diagrams the multiple steps in strain derivation
utilizing the methods described in this and other Examples.
As an illustration and summary, strain MSC702 contains the
following key elements: Pm[kpsMTkfo ABCFG|Pm[kpsFE-
DUCS] inserted at the colanic acid locus, Psyn[xylS] inserted
at the thuA locus, Pm[kfoABCFG] inserted at the fruBKA,
lacZ and mtlA loci, and (presumed due to its derivation from
MSC691; see Example 19) 8 base pair changes within the
leuB gene.

Example 19

This Example Illustrates the Identification and
Correction of Spontaneously-Occurring Auxotrophy
in E. coli Strains

During the course of evaluating recombinant £. coli strains
for rCH production in minimal growth medium, it was dis-
covered that certain strains did not grow. It was subsequently
determined that strain MSC561 grew on minimal medium
only when amended with a source of leucine; i.e., this strain
is a leucine auxotroph. Sequencing of the leucine biosynthetic
operon leuABCD in MSC561 revealed that the strain had
spontaneously acquired a single base pair deletion in the leuB
gene coding region (a C/G base pair at position 383 of the
coding region) during its derivation from the leucine pro-
totroph MSC467 (see Example 10). This deletion results in a
reading frame shift and pre-mature translation termination.
This defect was not initially detected because genetic
manipulations and early production tests were conducted in
complex media. It is very unlikely that this mutation was the
result of previous targeted recombination at the thuA and
colanic acid loci because they are not closely linked to leuB
(thuA and leuB are about 85 Kb apart; the colanic acid operon
and leuB are about 2 Mb apart). All strains immediately or
sequentially derived from MSC561 by addition of R2 copies
(such as MSC627, MSC650, MSC646, MSC679, and
MSC700; see FIG. 15) were also leucine auxotrophs and
contained the identical deletion in the leuB sequence. Strains
in a separate lineage of MSC467 (MSC537, MSC562, and
MSC619) are leucine prototrophs. (see FIG. 15).

Two approaches were used to convert selected leucine aux-
otrophs to prototrophs (therefore allowing growth in minimal
media without added leucine). In one approach, large num-
bers (about 10°-107) of cells of an auxotrophic strain were
applied to a minimal medium agar plate followed by incuba-
tion at 30° C. for 3-7 days. Typically, several colonies develop
under these conditions. Strains isolated from these colonies
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(“spontaneous revertants”) reproducibly grow on solid and
liquid minimal media without leucine. Sequence analysis of
the leuB gene of selected revertants revealed (in most cases)
small insertions or deletions near the site of the original single
base pair deletion that result in the restoration of the correct
leuB reading frame. Table 18 below provides the locations of
the nucleotide changes with coordinates relative to the leuB
coding region. The LeuB enzymes in these spontaneous
revertant strains have altered amino acid sequences in this
region, but the changes from the native structure appear to
allow sufficient function to support growth in leucine-free
media. In spontaneous revertant MSC692, no compensating
nucleotide changes in leuB were detected. The nature of the
genetic change in this strain is uncharacterized.

In a second approach toward converting leucine auxotro-
phs to prototrophs, the spontancous mutation in leuB of
selected strains was specifically corrected to native sequence.
PCR primers BLR513 (SEQ ID NO:173) and BLR516 (SEQ
ID NO:174) were used to amplify a 646 base pair region of the
native leuB gene using gDNA from wild type E. coli W3110
as template. The site of the base pair found deleted in
MSC561 was 288 bp from the upstream end of this PCR
fragment, and the PCR primers generate HindIII and Xhol
ends for cloning into pMAK705pl (Example 18; SEQ ID
NO:157; FIG. 14Q) resulting in pPBR1103 (SEQ ID NO:175;
FIG.14R). The leuB gene fragment in pBR 1103 extends from
the HindIII restriction site at bp=5059-5064 of SEQ ID
NO:175 to the Xhol restriction site at bp=5712-5717 of SEQ
ID NO:175. These restriction sites are not part of the natural
leuB sequence but were introduced for cloning purposes by
PCR with primers BLR513 and BLR516.

Standard “pop-in/pop-out” methodology was then used to
replace the defective leuB region with the native region in
auxotrophic strains MSC650, MSC679, and MSC700 to give
prototrophic strains MSC722, MSC723, and MSC724,
respectively. Briefly, initial transformants of MSC650,
MSC679, and MSC700 with pBR1103 were selected on
LB/Cm34 plates at 30° C. Selected transformants were plated
to LB/Cm34 at 43° C., and isolated survivors were confirmed
by PCR to have pBR1103 integrated at the leuB locus.
Selected integrants were grown in LB (no Cm) at 30° C. for
about 10 generations, then in 2xM9 medium (no Cm, no
leucine) for about 15 generations. Strains derived from colo-
nies on LB plates isolated from these cultures were screened
for chloramphenicol-sensitivity and prototrophy. DNA
sequencing of the leuB gene in prototrophic, chlorampheni-
col-sensitive strains derived from each of the three initial
parent strains confirmed that the original wild type sequence
was restored. FIG. 15 shows the derivation of these strains in
relation to other strains described herein.

TABLE 18

leucine deletion (A) or inser- net

pheno- tion () in leuB; bp
strain type (leuB coordinates) change
W3110 + none na
MSCe651 - AC(383) -1
MSC650 - AC(383) -1
MSC669 + AC(383), AGG (345-346) -3
MSC670 + AC(383), ACTGTCCGCTGCGTG -15

(360-373)
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TABLE 18-continued
leucine deletion (A) or inser- net
pheno- tion () in leuB; bp
strain type (leuB coordinates) change
MSCe71 + AC(383), QCGCAAACGGC +9
(at 394)
MSCe675 + AC(383), QT (at 340) o]
MSCe677 + AC(383), QAACT (at 339) +3
MSCe678 + AC(383), QG (at 345) o]
MSCe691 + AC(383), QCATCCTG +6
(at 410)
MSC692%* + AC(383) -1
MSC693 + AC(383), ACA (374-375) -3
MSC694 + AC(383), QA (at 387) o]
MSC722 + none 0
MSC723 + none 0
MSC724 + none 0

*No compensating changes in the leuB region were detected from
about 200 bp upstream of the leuB start codon (i.e., the 3-prime
end of leuA) to about 200 bp upstream of the leuB stop codon
(i.e., leuB coordinates 1 to approx. 850 of the 1089 total base
pairs of the leuB coding region) .

rCH production in strains MSC722, MSC723, and
MSC724 (the specifically-corrected Leu+ prototrophs) was
compared to production in strains with identical K4 gene
complements and arrangements but derived by spontaneous
conversion to prototrophy: MSC677, MSC692, and
MSC702, respectively (see FIG. 15). The six strains were
grown in duplicate 2xM9 flasks at 30° C. and induced with 1
mM mTA at OD600 values of approximately 0.1. Samples of
culture broths at 71 hours post-induction were assayed for
rCH content as described above. The average OD600 and
rCH concentrations are shown in Table 19.

TABLE 19

OD600 at 71 hr rCH (ug/mL)

strain Leu+ (each flask); average (each flask); average
MSC677  spontaneous (7.63, 6.62); 7.12 (362,478); 420
MSC722  specific correction (5.46, 5.20); 5.33 (226, 230); 228
MSC692  spontaneous (6.45, 8.50); 7.48 (290, 339); 315
MSC723  specific correction (7.90, 6.88); 7.39 (450, 400); 425
MSC702  spontaneous (6.20, 6.40); 6.30 (344, 328); 336
MSC724  specific correction (6.04, 6.75); 6.40 (415, 428); 421

In two of the three strain pairs, rCH production is greater in
the strain with the specific correction to leuB, but final cell
density (as measured by terminal OD600) was similar. These
results demonstrate the benefit in terms of rCH production of
specifically correcting the spontaneous mutation discovered
during the course of E. coli strain development.

Example 20

This Example Describes Recombinant
DNA-Mediated Production of Chondroitin in E. coli
in Fermentors

1. 10-L Fermentation of E. coli (MSC537)
Using a 10-liter fermentor under typical fermentation con-
ditions, a culture of E. coli strain MSC537 was cultivated
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using glycerine as a carbon source. The fermentor was
batched with the following medium (Table 20A) to a volume
of 6 liters using de-ionized water:

TABLE 20A
Medium
Component Amount
NZ Amine HD 3200¢g
Tastone 154 80g
KH,PO, 80.0g
MgSO,*7H,0 80g
Na,SO, 48.0¢g
Sodium citrate 24¢g
Dow 1520US antifoam 0.8 mL

De-ionized water As needed to reach 6.0 L

After autoclaving of the fermentor containing the above
medium, the following components (Table 20B) were added
aseptically:

TABLE 20B
Component Amount
Glycerine (heat-sterilized) 320g
Thiamine HCI (filter-sterilized) 320 pg
Trace Metal solution (filter-sterilized, recipe below) 24 mL
Trace Metal Solution

Component Concentration
FeCl;*6H,0 27 g/L
ZnCl, 1.3 g/L
CoCl,*6H,0 2.0g/L
Na,MoO,*6H,0 2.0g/L
CaCl,*2H,0 2.5¢g/L
MnCl,*4H,0 33 gL
H3BO; 0.5 g/L
HCI, concentrated 160 mL/L

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4.25 hours, then culti-
vated for 69 hours and fed a carbon feed (consisting of a 625
g/L glycerine solution) during cultivation. After 69 hours, the
fermentor was autoclaved and harvested by centrifugation.
The fermentation control conditions and product yield are
shown in Tables 20C and 20D, respectively.

TABLE 20C

Fermentation Control Conditions

Temperature 29.6-30.1°C.
pH 7.08-7.30
Agitation 150-450 cps (cm per sec)
Dissolved oxygen 50% (setpoint)
Airflow 4.0-6.4 L/min
Oxygen flow 0-1 L/min
Glycerine 0-6 g/L (in-tank concentration)
Inoculum 58 mL from shake flask, ODgoo = 6.9
TABLE 20D
Product Yield

Chondroitin yield 4.50 g/L

Glycerine consumed 185 g/L

Final ODggo 91
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2. 2-L. Fermentation of E. coli (MSC564)

Using a 2-liter fermentor under typical fermentation con-
ditions, a culture of E. coli strain MSC564 was cultivated
using glycerine as a carbon source. The fermentor was
batched with the following medium (Table 21A) to a volume
of 1.5 liters using de-ionized water:

TABLE 21A
Medium
Component Amount
NZ Amine HD 320g
Tastone 154 08g
KH,PO, 8.0g
MgSO,*7H,0 0.8g
Na,S0, 48¢g
Sodium citrate 048 ¢g
Dow 1520US antifoam 0.16 mL

De-ionized water As needed to reach 1.5 L

After autoclaving of the fermentor containing the above
medium, the following components (Table 21B) were added
aseptically:
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TABLE 21C-continued

Fermentation Control Conditions

Dissolved oxygen 50% (setpoint)

Airflow 0.7-1.2 L/min
Oxygen flow 0.1-0.6 L/min
Glycerine 0-12 g/L (in-tank concentration)
Inoculum 8 mL from shake flask, ODgq, 10.2 (17.5
hour flask)
TABLE 21D
Product Yield

Chondroitin yield 6.2 g/l

Glycerine consumed 79 g/L (1.35 L final vol.)

Final ODgeo 22.3

The next three fermentations (3-5) were taken from one
experiment where three 10 L reactors were run side-by-side
under the same conditions comparing strains MSC619,
MSC677 and MSC702 containing different numbers and
arrangements of the region 2 gene set in the host chromosome
(see Example 19; FIG. 15). Briefly, MSC619 and MSC677

TABLE 21B / ; .
25 each have three total copies of region 2, but one copy in
Component Amount MSC619 is driven by the Psyn promoter instead of the Pm
Glycerine (heat-sterilized) 64g promoter. Strain MSC702 has four copies of the region 2 gene
Thiamine HCI (filter-sterilized) 64 ug set, all driven by Pm
Tetracycline 8.0 mg 3. 10-L Fermentation of E. coli (MSC619)
Trace Metal solution (filter-sterilized, recipe below) 4.8 mL 30 Using a 10-liter fermentor under typical fermentation con-
T . ditions, a culture of E. coli strain MSC619 was cultivated
race Metal Solution ) . . A
using glycerine, casein hydrolysate and ammonium hydrox-
Component Concentration ide as the main carbon and nitrogen sources, respectively. The
o o fermentor was batched with the following medium (Table
eCl;*6H, g 35 . . ¥ . .
ZnCl 13l 22A) to a volume of 6 liters using de-ionized water:
CoCl,*6H,0 2.0g/L
Na,Mo0,*6H,0 2.0g/L TABLE 22A
CaCl*2H,0 2.5g/L
MnCL,*4H,0 3.3g/L Medium
H3BO; 0.5 g/L 40
HClI, concentrated 160 mL/L Component Amount
. . . NZ Amine HD 160.0 g
The fermentor was inoculated with a typical seed culture, Tastone 154 40g
then cultivated for 66 hours and fed 170 mL of a carbon feed Mg80,*7H,0 8.0g
(consisting of a 625 g/L, glycerine solution) during cultiva- Na,SO, 40¢g
A T . . . Sodium citrate 24¢g
tion. After 5 hours of cultivation, it was induced with 2 mM CaClo®
: . aCI2*2H20 296 mg
m-TA. The fermentation was controlled for pH, dissolved Dow 1520US antifoam 0.8 mL
oxygen, temperature, glycerine concentration, and acetate De-ionized water As needed to reach 6.0 L
concentration (byproduct of carbon metabolism). The glyc-
erine feed rate was adjusted based on the acetate concentra- . ..
50 After autoclaving of the fermentor containing the above

tion with a target of <2 g/l. acetate. The target glycerine
concentration was <5 g/L.. The fermentation was run for 66
hours, at which point, glycerine consumption declined to
<1.5 g/L/hour. Due to sampling and evaporation, the final
volume was 1.35 L. The control conditions and product yield

medium, the following components (Table 22B) were added
aseptically:

TABLE 22B

are listed below. After 66 hours, the fermentor was autoclaved 55
! N Component Amount
and harvested by centrifugation. The recovered volume after
centrifugation was approximately 1 liter of supernatant. The Glycerine (heat-sterilized) 480¢g
fermentation control conditions and product yield are shown %11?21’94 — lized) ;‘28(-)0 g
: : jamine ter-sterilize Hg
below in Tables 21C and 21D, respectlvely. 60 Trace Metal solution (filter-sterilized, recipe below) 24 mL
TABLE 21C Trace Metal Solution
Fermentation Control Conditions Component Concentration
Temperature 29.8-30.1° C. FeCl;°6H,0 27 g/l
pH 7.1-7.30 65 7ZnCl, 13gL
Agitation 150-275 ¢ps CoCl,*6H,0 2.0g/L
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TABLE 22B-continued
Na,MoO,*6H,0 20g/L
CaCl,*2H,0 2.5¢g/L
MnCl,*4H,0 33¢gL
H,BO, 0.5g/L
Citric acid 33¢g/L

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4.2 hours, then cultivated

108
TABLE 23A-continued

Medium

Component Amount

De-ionized water As needed

to reach 6.0 L

10
for 80 hours and fed a carbon feed (consisting of a 625 g/l
glycerine solution) and a nitrogen feed in the form of 4N
ammonium hydroxide. The carbon and nitrogen feeds were After autoclaving of the fermentor containing the above
adjusted manually based on sample readings taken offline on medim, the following components (Table 23B) were added
the NOVA 300A Bioanalyzer. The concentration of glycerine 15 aseptically:
was targeted to maintain less than 1 g/[ and the feedrate was
reduced further in the presence of acetate accumulation. The TABLE 23B
ammonia concentration target was 100 mg/LL or les§ ofammo- Component Amount
nia in the broth. Acid in the form of 2N sulfuric acid and base
in the form of 4N sodium hydroxide were added automati- 20 Glycerine (heat-sterilized) 48.0 g
cally during cultivation to control pH. Antifoam was also fed KH,PO, - 480 g
tomatically to the fermentor to control foaming of the Thiamine HCI (filter-sterilized) 320 pg
automatically : . 2 . Trace Metal solution 24 mL
broth. The fermemanon control conditions and prpduct yield (filter-sterilized, recipe below)
are shown below in Tables 22C and 22D, respectively.
25 Trace Metal Solution
TABLE 22C .
Component Concentration
Fermentation Control Conditions
FeCly*6H,0 27 g/L
Temperature 29.9-30.1° C. ZnCl, 1.3 g/l
pH 7.27.3 30 CoCL,*6H,0 2.0 g/L
Agitation 150-360 cps Na,MoO,*6H,0 2.0 g/L
Dissolved oxygen 50% (setpoint) CaCl,*2H,0 2.5 g/L
Airflow 5.3-6.4 L/min MnCl,*4H,0 33 gL
Oxygel? flow 0-1.1 L/min H,BO, 0.5 g/L
Glycerine 0-9.1 g/L. , Citric acid 33 gL
(in-tank concentration) 35
Inoculum 50 mL from shake flask,
ODgoo=7.2 . . .
The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4.2 hours, then cultivated
for 80 hours and fed a carbon feed (consisting of a 625 g/l
Table 22D 40 glycerine solution), and a nitrogen feed in the form of 4N
Product Yield ammonium hydroxide. The carbon and nitrogen feeds were
adjusted manually based on sample readings taken offline on
Chondroitin yield 3.45 g/L the NOVA 300A Bi 1 Th trati fol .
(73 1. final volume) e ioanalyzer. The concentration of glycerine
Glycerine consumed 135 gL was targeted to maintain less than 1 g/I. and the feed rate was
Final ODgg0 64 4 reduced further in the presence of acetate accumulation. The
ammonia concentration target was 100 mg/L or less of ammo-
nia in the broth. Acid in the form of 2N sulfuric acid and base
4.10-LF tati f E. coli MSC677 . . . .
) ermer.l ation of £. coli ( ) ) ) in the form of 4N sodium hydroxide were added automati-
_Using a 10-liter fermentor under typical fermentation con- 5o cally during cultivation to control pH. Antifoam was also fed
ditions, a culture of E. coli strain MSC677 was cultivated automatically to the fermentor to control foaming of the
pdsmg %iycen.ne, ciseln hng olysate and ammontum hi’dr%)l(' broth. The fermentation control conditions and product yield
ide as the main carbon and nitrogen sources, respectively. The are shown in Tables 23C and 23D, respectively.
fermentor was batched with the following medium (Table
23A) to a volume of 6 liters using de-ionized water. o Table 23C
TABLE 23A Fermentation Control Conditions
Medium Temperature 29.7-30.2° C.
pH 6.98-7.37
Component Amount 60 Agitation 150-440 cps
Dissolved oxygen 50% (setpoint)
NZ Amine HD 160.0 g Airflow 5.0-6.4 L/min
Tastone 154 40 g Oxygen flow 0-1.9 L/min
MgSO,*7H,0 80 g Glycerine 0-7.5g/L
Na,SO, 240 g (in-tank concentration)
Sodium citrate 24 ¢ Inoculum 50 m/L from shake flask,
CaCI2*2H20 296 mg 65 ODggo = 6.7
Dow 1520US antifoam 0.8 mL
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TABLE 23D TABLE 24C
Product Yield Fermentation Control Conditions
Chondroitin yield 4.3 g/l Temperature 29.8-30.2° C.
(8.4 L final volume) 5 pH 6.8-7.3
Glycerine consumed 143 g/L. Agitation 150-490 ¢ps
Final ODgg0 57 Dissolved oxygen 50% (setpoint)
Airflow 4.0-6.4 L/min
. Oxygen flow 0-2.4 L/min
5. 10-L Fermentation of E. coli (MSC702) Glycerine 0-7.0 g/L (in-tank

Using a 10-liter fermentor under typical fermentation con- 10 concentration)
ditions, a culture of E. coli strain MSC702 was cultivated Inoculum 50 mL from shake flask,

. . : - ODggo = 6.7
using glycerine, casein hydrolysate and ammonium hydrox-
ide as the main carbon and nitrogen sources, respectively. The
fermentor was batched with the following medium (Table
24A) to a volume of 6 liters using de-ionized water. 15 TABLE 24D

TABLE 24A Product Yield
. Chondroitin yield 53¢g/L
Medium (8.9 L final volume)
Glycerine consumed 151 g/l
Component Amount 20 Final ODgg, 60
NZ Amine HD 160.0 g
Tastone 154 4.0 . . .
MgSO,*7H,0 8.0 : To summarize experiments 3-5, strains MSC619,
Na,SO, 240 g MSC677, and MSC702 yielded 3.45, 4.3 and 5.3 g/L. chon-
Sodium citrate 24 g 25 droitin, respectively, demonstrating the effects of region 2
CaCl2*2H20 296 mg . .
Dow 1520US antifoam 08 mL arrangement (context) and copy number in enhancing chon-
De-ionized water As needed to reach 6.0 L. droitin productivities.
6. 10-L Fermentation of . coli (MSC702)

After autoclaving of the fermentor containing the above |, Using a 10-liter fermentor under typical fermentation con-
medium, the following components (Table 24B) were added dlt.lons, a cqlture of E coli strain MSC702 was cultivated
aseptically. using glycerine, casein hydrolysate and ammonium hydrox-

ide as the main carbon and nitrogen sources, respectively. The
TABLE 24B fermentor was batched with the following medium (Table
25A) to a volume of 6 liters using de-ionized water.
Component Amount 35
Glycerine (heat-sterilized) 480 g Table 25A
KH,PO, 480 g ,
Thiamine HCI (filter-sterilized) 320 pg Medium
Trace Metal solution (filter-sterilized, recipe low) 24 mL
40 Component Amount
Trace Metal Solution NZ Amine HD 160.0 g
. Tastone 154 40 g
Component Concentration MgSO,+7IL0 80 o
. Na,S0, 240 g
;e(élf 6H,0 12; gi Sodium citrate 24 g
CoCL 61O %o gL 45 CaCl2*2H20 296 mg
NoNoo 2610 50 oL Dow 1520US antifoam 0.8 mL
Ca(zll Qﬁ o 2 2'5 ol De-ionized water As needed to
2 2
MnCL*4H,0 33 gL reach 6.0 L
H,;BO; 0.5 gL
Citric acid 33 oL 50 After autoclaving of the fermentor containing the above
medium, the following components (Table 25B) were added

The fermentor was inoculated with a typical seed culture aseptically.
and induced with 2 mM m-TA after 4.2 hours, then cultivated
for 80 hours and fed a carbon feed (consisting of a 625 g/l TABLE 25B
glycerine solution), and a nitrogen feed in the form of 4N 55
ammonium hydroxide. The carbon and nitrogen feeds were Component Amount
adjusted manually based on sample readings taken offline on Glycerine (heat-sterilized) 480 g
the NOVA 300A Bioanalyzer. The concentration of glycerine KH,PO, 480 g
was targeted to maintain less than 1 g/L. and the feed rate was Thiamine HlCl l(ﬁlFer'Stenhzed) 320 pg
reduced further in the presence of acetate accumulation. The 60 Irace Metal solution 24 mL

. . (filter-sterilized, recipe below)
ammonia concentration target was 100 mg/L or less of ammo-
nia in the broth. Acid in the form of 2N sulfuric acid and base Trace Metal Solution
in the form of 4N sodium hydroxide were added automati- i
cally during cultivation to control pH. Antifoam was also fed Component Concentration
automatically to the. fermentor to gqntrol foaming of .the 65 FeCly*6H,0 27 oL
broth. The fermentation control conditions and product yield ZnCl, 13 gL

are shown in Tables 24C and 24D, respectively.
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TABLE 25B-continued
CoCL,*6H,0 2.0 g/L
Na,MoO,*6H,0 2.0 g/L
CaCl,*21L,0 25 g/L
MnCL,*41,0 33 gL
H,BO, 0.5 gL
Citric acid 33 g/

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4 hours, then cultivated
for 82 hours and fed a carbon feed (consisting of a 625 g/l
glycerine solution), and a nitrogen feed in the form of 4N
ammonium hydroxide. The carbon and nitrogen feeds were
adjusted manually based on sample readings taken offline on
the NOVA 300A Bioanalyzer. The concentration of glycerine
was targeted to maintain less than 1 g/I. and the feed rate was
reduced further in the presence of acetate accumulation. The
ammonia concentration target was 100 mg/L or less of ammo-
nia in the broth. Acid in the form of 2N sulfuric acid and base
in the form of 4N sodium hydroxide were added automati-
cally during cultivation to control pH. Antifoam was also fed
automatically to the fermentor to control foaming of the
broth. The fermentation control conditions and product yield
are shown in Tables 25C and 25D, respectively.

TABLE 25C

Fermentation Control Conditions

Temperature 29.8-32° C.
pH 7.1-7.3
Agitation 150-480 cps
Dissolved oxygen 50% (setpoint)
Airflow 3.4-6.4 L/min
Oxygen flow 0-3.1 L/min
Glycerine 0-7.7 g/l
(in-tank concentration)
Inoculum 50 mL from shake flask,
ODgpo=9.0
TABLE 25D

Product Yield

Chondroitin yield 8.3 g/L

(8.4 L final volume)
Glycerine consumed 123 g/L.
Final ODgq 69

This run was designed as a repetition of fermentation
experiment 5 (above) but achieved a significant increase in
chondroitin yield. The difference in yield is at least partly
believed to be due to excess antifoam used in experiment 5
along with an increased level of acetate build up, both of
which are considered to negatively affect chondroitin yield.

7. 50-L. Fermentation of E. coli (MSC702)

Using a 50-liter fermentor under typical fermentation con-
ditions, a culture of E. coli strain MSC702 was cultivated in a
defined medium using glycerine, and ammonium hydroxide
as the main carbon and nitrogen sources, respectively. The
fermentor was batched with the following medium (Table
26A) to a volume of 40 liters using de-ionized water.
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TABLE 26A
Medium
Component Amount
NaCl 500 g
NH4CL 100.0 g
MgSO4+7H20 120 g
CaCl2*2H20 185 g
Dow 1520US antifoam 5.0 mL
De-ionized water As needed

to reach 40.0 L

After autoclaving of the fermentor containing the above
medium, the following components (Table 26B) were added

aseptically.
TABLE 26B

Component Amount
Glycerine (heat-sterilized) 300 g
Na2HPO4 240 g
KH,PO, 120 g
Thiamine HCI 2 mg
(filter-sterilized)

Trace Metal solution 150 mL

(filter-sterilized,
recipe below)

Trace Metal Solution

Component Concentration
FeCl;°6H,0 27 g/L
ZnCl, 1.3 g/l
CoCl,*6H,0 2.0 g/L
Na,Mo0O,*6H,0 2.0 g/L
CaCl,*2H,0 2.5 g/L
MnCl,*4H,0 33 g/L
H;BO, 0.5 g/L
Citric acid 33 g/

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4 hours, then cultivated
for 91 hours and fed a carbon feed (consisting of a 625 g/l
glycerine solution), and a nitrogen feed in the form of 6N
ammonium hydroxide. The carbon and nitrogen feeds were
adjusted manually based on sample readings taken offline on
the NOVA 300A Bioanalyzer. The concentration of glycerine
was targeted to maintain less than 1 g/I. and the feed rate was
reduced further in the presence of acetate accumulation. The
ammonia concentration target was 100 mg/L or less of ammo-
nia in the broth. Acid in the form of 3N sulfuric acid and base
in the form of 4N sodium hydroxide were added automati-
cally during cultivation to control pH. Antifoam was fed
manually to the fermentor to control foaming of the broth.
The fermentation control conditions and product yield are
shown in Tables 26C and 26D, respectively.

TABLE 26C

Fermentation Control Conditions

Temperature 30° C. setpoint

pH 7.2 setpoint

Agitation 150-375 ¢ps

Dissolved oxygen 50% setpoint

Airflow 30-40 L/min

Oxygen flow 0-10 L/min

Glycerine 0-7.8 g/L (in-tank concentration)
Inoculum 1000 mL from 2L fermentor, ODgyg = 6.9
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TABLE 26D
Product Yield
Chondroitin yield 4.7 g/l
(52 L final volume)
Glycerine consumed 143 g/L.
Final ODgg0 114

This fermentation experiment demonstrates that high
chondroitin production was achieved in defined (minimal)
growth medium at intermediate fermentation scale.

The next two fermentations (8-9) were taken from one
experiment where two 10 L reactors were run side by side
under the same conditions comparing strains MSC702 and
MSC724.

8. 10-L Fermentation of . coli (MSC702)

Using a 10-liter fermentor under typical fermentation con-
ditions, a culture of E. coli strain MSC702 was cultivated
using glycerine, casein hydrolysate and ammonium sulfate as
the main carbon and nitrogen sources, respectively. The fer-
mentor was batched with the following medium (Table 27A)
to a volume of 6 liters using de-ionized water.

TABLE 27A

Component Amount
NZ Amine HD 160.0 g
Tastone 154 40 g
MgSO,*7H,0 80 g
Na,SO, 240 g
Sodium citrate 24 ¢
CaCl2*2H20 296 mg
Dow 1520US 0.8 mL
antifoam

As needed to
reach 6.0 L

De-ionized water

After autoclaving of the fermentor containing the above
medium, the following components (Table 27B) were added
aseptically.

TABLE 27B

Component Amount
Glycerinr (heat-sterilized) 480 g
KH,PO, 480 g
Thiamine HCI (filter-sterilized) 320 g
Trace Metal solution 24 mL
(filter-sterilized, recipe below)

Trace Metal Solution
Component Concentration
FeCl;°6H,0 27 g/L
ZnCl, 1.3 g/l
CoCl,*6H,0 2.0 g/L
Na,Mo0O,*6H,0 2.0 g/L
CaCl,*2H,0 2.5 g/L
MnCl,*4H,0 33 g/L
H3BO, 0.5 g/L
Citric acid 33 g/

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4 hours, then cultivated
for 92 hours and fed a carbon feed (consisting of a 625 g/l
glycerine solution), and a nitrogen feed in the form of ammo-
nium sulfate. The carbon and nitrogen feeds were adjusted
manually based on sample readings taken offline on the
NOVA 300A Bioanalyzer. The concentration of glycerine in
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114

the broth was targeted to maintain less than 1 g/, and the feed
rate was reduced further in the presence of acetate accumu-
lation. The ammonia concentration target was 100 mg/L or
less of ammonia in the broth. Acid in the form of 2N sulfuric
acid and base in the form of 4N sodium hydroxide were added
automatically during cultivation to control pH. Antifoam was
also fed automatically to the fermentor to control foaming of
the broth. The fermentation control conditions and product
yield are shown in Tables 27C and 27D, respectively.

TABLE 27C

Fermentation Control Conditions

Temperature 29.9-30.1° C.
PH 7.2-7.3
Agitation 150-460 cps
Dissolved oxygen 50% (setpoint)
Airflow 5.0-6.4 L/min
Oxygen flow 0-1.4 L/min
Glycerine 0.2-11.4 g/L (in-tank concentration)
Inoculum 100 mL from shake flask, ODgpp = 1.7
TABLE 27D
Product Yield
Chondroitin yield 7.9¢g/L
(7.8 L final volume)
Glycerine consumed 128 g/L.
Final ODggo 50

9) 10-L Fermentation of E. coli (MSC724)

Using a 10-liter fermentor under typical fermentation con-
ditions, a culture of E. coli strain MSC724 was cultivated
using glycerine, casein hydrolysate and ammonium sulfate as
the main carbon and nitrogen sources, respectively. The fer-
mentor was batched with the following medium (Table 28A)
to a volume of 6 liters using de-ionized water.

TABLE 28A

Component Amount
NZ Amine HD 160.0 g
Tastone 154 40 g
MgSO,*7H,0 80 g
Na,S0, 240 g
Sodium citrate 24 g
CaCl2*2H20 296 mg
Dow 1520US antifoam 0.8 mL
De-ionized water As needed to

reach 6.0 L

After autoclaving of the fermentor containing the above
medium, the following components (Table 28B) were added
aseptically.

TABLE 28B
Component Amount
Glycerine (heat-sterilized) 48.0 g
KH,PO, 480 g
Thiamine HCI (filter-sterilized) 320 pg
Trace Metal solution 24 mL

(filter-sterilized, recipe below)
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TABLE 28B-continued

Trace Metal Solution

Component Concentration
FeCl;*6H,0 27 g/L
ZnCl, 1.3 g/l
CoCl,*6H,0 2.0 g/L
Na,Mo0O,*6H,0 2.0 g/L
CaCl,*2H,0 2.5 g/L
MnCl,*4H,0 33 g/L
H3BO, 0.5 g/L
Citric acid 33 g/

The fermentor was inoculated with a typical seed culture
and induced with 2 mM m-TA after 4 hours, then cultivated
for 92 hours and fed a carbon feed (consisting of a 625 g/l
glycerine solution), and a nitrogen feed in the form of ammo-
nium sulfate. The carbon and nitrogen feeds were adjusted
manually based on sample readings taken offline on the
NOVA 300A Bioanalyzer. The concentration of glycerine in
the broth was targeted to maintain less than 1 g/[. and the feed
rate was reduced further in the presence of acetate accumu-
lation. The ammonia concentration target was 100 mg/LL or
less of ammonia in the broth. Acid in the form of 2N sulfuric
acid and base in the form of 4N sodium hydroxide were added
automatically during cultivation to control pH. Antifoam was
also fed automatically to the fermentor to control foaming of
the broth. The fermentation control conditions and product
yield are shown in Tables 28C and 28D, respectively.

TABLE 28C

Fermentation Control Conditions
Temperature 29.8-30.2° C.
pH 7.2-7.3
Agitation 150-480 cps
Dissolved oxygen 50% (setpoint)
Airflow 5.0-6.4 L/min
Oxygen flow 0-1.4 L/min
Glycerine 0.2-9.8 g/L

(in-tank concentration)

Inoculum 50 mL from shake

flask ODggg = 7.7

TABLE 28C
Product Yield
Chondroitin yield 9.3 g/l
(8.0 L final volume)
Glycerine consumed 122 g/L.
Final ODgq 47

Fermentations 8 and 9 in this Example demonstrate an
improved rCH yield of strain MSC724 over MSC702 in com-
plex medium. This may be the result of greater metabolic
efficiency of the native LeuB enzyme in MSC724 compared
to the functional, but altered LeuB enzyme, in MSC702 (see
Example 19).
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Example 21

This Example Describes the Recombinant
DNA-Mediated Production of Chondroitin in X.
campestris in Fermentors

10-L Fermentation of X. campestris (MSC480)

Using a 10-liter fermentor under typical fermentation con-
ditions a culture of Xanthomonas campestris strain MSC480
was cultivated using glucose as a carbon source. The fermen-
tor was batched with the following medium (Table 29A) to a
volume of 7.5 liters using de-ionized water:

TABLE 29A
Medium

Component Amount
Malt Extract 200.0 g
Tastone 154 80.0 g
KH,PO, 170 g
MgSO,4*7H,0 50g
Na,S0, 10 g
CaCl,*2H,0 05 g
Citric acid 200 g
H;BO; 60 mg
ZnCl, 100 mg
FeCl;*6H,0 200 mg
Dow 1520US 2 mL
antifoam

De-ionized water As needed

toreach 7.5 L

After autoclaving of the fermentor containing the above
medium, 60 g of glucose (heat-sterilized) was added asepti-
cally.

The fermentor was inoculated with a typical seed culture,
then cultivated for 70 hours and fed a carbon feed (consisting
of'an 871 g/LL glucose solution) during cultivation. After 70
hours, the fermentor was autoclaved and harvested by cen-
trifugation. The fermentation control conditions and product
yield are shown in Tables 29B and 29C, respectively.

TABLE 29B

Fermentation Control Conditions

Temperature 29.9-30.1° C.
PH 6.70-7.11
Agitation 150-250 cps
Dissolved oxygen 20% (setpoint)
Airflow 5.0-8.0 L/min
Glucose 13-27 g/
(in-tank concentration)
Inoculum 850 mL from 2-L fermentor,
ODggo = 5.9
TABLE 29C

Product Yield

Chondroitin yield 1.86 g/L
Glucose consumed 19 g/
Final ODgq 18

Example 22

This Example Illustrates an Improved E. coli Growth
Medium

Examples 4, 7, and 8 above describe the use of complex TB
medium for growth of rCH-producing recombinant £. coli
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K-12 strains. As normally formulated, TB medium contains 5
g/l glycerine as the primary carbon source. This example
describes modifications to TB medium that enhance rfCH
volumetric and specific productivities in shake flasks.

A small culture of strain MSC564 was developed in
TB/Tc5 medium at 30° C. for use as inocula. Standard TB
medium (Sambrook et al., 1989; Difco “Terrific Broth™) was
modified with 0.1 M MOPS buffer (4-morpholinepropane-
sulfonic acid; prepared from a 1.0M stock solution pH-ad-
justed to 7.2 with NaOH), 10 vg/L glycerine (2x normal TB
recipe), or both. Erlenmeyer shake flasks (250 mL) contain-
ing 50 mL of each medium were inoculated with the MSC564
culture to achieve OD600=0.03. The flasks were shaken (225
rpm) at 30° C. until OD600 values reached approx. 0.125, at
which time meta-toluic acid was added to 1 mM to induce
rCH production. After 72 hours of continued shaking, pH and
OD600 measurements were taken, and 5 mL aliquots were
autoclaved for 5-7 min., cooled and stored frozen. rCH con-
tents were determined as described in Example 14. The final
0OD600 and rCH concentrations are shown in Table 30.
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TABLE 30-continued
medium final pH final OD600 rCH (ug/mL)
TB/2x glycerine (10g/L) 6.0 9.64 676
TB/MOPS/glycerine 74 12.2 1592

TB medium buffered and amended with extra glycerine
(2x normal) resulted in a >50% increase in rCH titer (greater
volumetric productivity) without additional cell density
(greater specific productivity). Growth and productivity in
medium with 2x glycerine but without buffer resulted in poor
productivity, likely due to excess acid production from glyc-
erine. This demonstrates increased production capacity in
recombinant strains and provides higher productivity growth
conditions under which to evaluate new E. coli strains.

The foregoing description of the present invention has been
presented for purposes of illustration and description. Fur-
thermore, the description is not intended to limit the invention
to the form disclosed herein.

20 All of the various aspects, embodiments, and options
TABLE 30 described herein can be combined in any and all variations.

All publications, patents, and patent applications men-

medium final pH final OD600  1CH (ug/mL) tioned in this specification are herein incorporated by refer-
B 8.3 134 1017 ence to the same extent as if each individual publication,
TB/0.1M MOPS pH 7.2 8.1 8.53 1244 25 patent, or patent application was specifically and individually

indicated to be incorporated by reference.
SEQUENCE LISTING

The patent contains a lengthy “Sequence Listing” section. A copy of the “Sequence Listing” is available in
electronic form from the USPTO web site (http://seqdata.uspto.gov/?pageRequest=docDetail&DocID=US09175293B2).
An electronic copy of the “Sequence Listing” will also be available from the USPTO upon request and payment of the

fee set forth in 37 CFR 1.19(b)(3).

What is claimed is:

1. A construct comprising a kfoA, kfoC, and kfoF gene,
wherein the construct does not contain a functional gene of
one or more of kfoD, orf3(kfol), kfoE, or orfl(kfoH), and
wherein the construct is suitable for producing chondroitin in
a non-pathogenic bacterial host cell.

2. The construct of claim 1, wherein the construct further
comprises a kfoG gene, a kfoB gene, or a combination
thereof.

3. The construct of claim 1, wherein the chondroitin is
non-fructosylated.

4. The construct of claim 1, wherein the construct further
comprises a kpsF, kpsE, kpsD, kpsU, kpsC, and kpsS gene.

5. The construct of claim 4, wherein the construct further
comprises a kpsM and kpsT gene.

6. The construct of claim 4, wherein the chondroitin is
secreted from the host cell.

7. The construct of claim 1, wherein the construct also does
not contain a functional gene of one or more of kpsM, kpsT,
kpsE, kpsD, kpsC, or kpsS.

8. The construct of claim 7, wherein the chondroitin is not
secreted from the host cell.

9. The construct of claim 1, wherein one or more genes are
modified for optimal codon usage in a bacterial host cell.

10. The construct of claim 1, comprising a K4 gene cluster.

11. A non-pathogenic bacterial host cell comprising the
construct of claim 1.
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12. The non-pathogenic bacterial host cell of claim 11,
wherein the non-pathogenic bacterial host cell is or is derived
from a non-pathogenic organism selected from the group
consisting of FEscherichia, Pseudomonas, Xanthomonas,
Methylomonas, Acinetobacter, and Sphingomonas.

13. The non-pathogenic bacterial host cell of claim 12,
wherein the bacterial host cell is a bacterial strain selected
from the group consisting of MSC279, MSC280, MSC315,
MSC316, MSC317,MSC319, MSC322, MSC323, MSC324,
MSC325, MSC326, MSC328, MSC346, MSC347, MSC348,
MSC350, MSC356, MSC359, MSC392, MSC402, MSC403,
MSC404, MSC405, MSC410, MSC411, MSC436, MSC437,
MSC438, MSC439, MSC458, MSC459, MSC460, MSC461,
MSC466, MSC467, MSC469, MSC480, MSC494, MSC498,
MSC499, MSC500, MSC510, MSC511, MSC522, MSC526,
MSC537, MSC551, MSC561, MSC562, MSC563, MSC564,
MSC566, MSC567, MSC619, MSC625, MSC627, MSC640,
MSC641, MSC643, MSC646, MSC650, MSC656, MSC657,
MSC658, MSC659, MSC660, MSC669, MSC670, MSC671,
MSC672, MSC673, MSC674, MSC675, MSC676, MSC677,
MSC678, MSC679, MSC680, MSC681, MSC682, MSC683,
MSC684, MSC687, MSC688, MSC689, MSC690, MSC691,
MSC692, MSC693, MSC694, MSC700, MSC701, MSC702,
MSC722, MSC723 and MSC724.

14. A method for producing a non-pathogenic bacterial
host cell comprising the construct of claim 1, comprising
transferring the construct to a non-pathogenic bacterial host
cell.



US 9,175,293 B2

119

15. A method for producing a bacterial cell that is capable
of producing non-fructosylated chondroitin, wherein the cell
comprises a kfoA gene, a kfoC gene, and a kfoF gene, the
method comprising inactivating a gene in the cell selected
from the group consisting of: kfoD, orf3(kfol), kfoE, orfl
(kfoH), and combinations thereof.

16. A recombinant bacterial cell comprising a kfoA gene, a
kfoC gene, and a kfoF gene, wherein the cell does not com-
prise a functional gene of one or more of kfoD, orf3(kfol),
kfoE, or orf1(kfoH), and wherein the cell is capable of pro-
ducing chondroitin.

17. The recombinant bacterial cell of claim 16, wherein the
kfoA gene, kfoC gene, kfoF gene, or combinations thereof are
expressed from a promoter selected from the group consisting
of: Pm, Plac, Ptrp, Ptac, ApL, PT7, PphoA, ParaC, PxapA,
Pcad, and PrecA.

18. A genetically modified microorganism comprising a
kfoA gene, a kfoC gene, and a kfoF gene, wherein the micro-
organism has been genetically modified to delete or inactivate
a gene of one or more of kfoD, orf3(kfol), kfoE, or orfl
(kfoH), and wherein the microorganism is capable of produc-
ing chondroitin.

19. A method for producing a chondroitin, comprising
culturing the recombinant bacterial cell of claim 16 under
fermentation conditions sufficient for production of the chon-
droitin.
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20. A method for producing a chondroitin, comprising
culturing the genetically modified microorganism of claim 18
under fermentation conditions sufficient for production ofthe
chondroitin.

21. A method for producing a chondroitin, comprising
culturing a non-pathogenic bacterial host cell comprising the
construct of claim 1 under fermentation conditions sufficient
for production of the chondroitin.

22. The method of claim 21, wherein the genes of the
construct are integrated into a chromosome of the bacterial
host cell.

23. The method of claim 22, wherein two or more copies of
a gene of the construct are integrated the chromosome of the
bacterial host cell.

24. The method of any one of claims 19-21, wherein the
chondroitin is non-fructosylated.

25. A method for producing a chondroitin sulfate, compris-
ing:

(a) producing a chondroitin by the method of any one of

claims 19-21, and

(b) sulfating the chondroitin.

26. The method of claim 25, wherein the sulfating com-
prises mixing sulfurtrioxide-triethylamine complex or chlo-
rosulfonic acid with the chondroitin in formamide.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 19,175,293 B2 Page 1 of 2
APPLICATION NO. : 14/185639

DATED : November 3, 2015

INVENTORC(S) : Doherty et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On Title Page 1 in the listing of inventors under Item (72), the residence “Higashiyamato (JP)” for
inventors Kentaro Miyamoto and Toshikazu Minamisawa should be corrected to --Higashiyamato-shi,
Tokyo (JP)--.

IN THE SPECIFICATION

In column 1, line 58, “Int. Urogvnecol. J.” should be replaced with --Int. Urogynecol. J.--.

In column 8, line 20, “pBR01931lacZ” should be replaced with --pBR10931acZ--.

In column 16, line 46, “MSC88” should be replaced with --MSC188--.

In column 23, line 52, “greater than 5 mL” should be replaced with --greater than 5 ml/L--.

In column 40, line 34, “wlaJ gene” should be replaced with --wcal gene--.

In column 42, line 31, “pCM84” should be replaced with --pCM184--,

In column 50, line 24, “Cuevas er al.” should be replaced with --Cuevas et al.--.

In column 52, line 33, “A. campestris” should be replaced with --X. campestris--.

In column 55, line 50, “SEQ ID NO: 117 should be replaced with --SEQ ID NO: 111--,

In column 56, line 1, “PfuUltra IT” should be replaced with --PfuUltra II--.

In column 56, line 9, “Gradient % thermocycler” should be replaced with --Gradient 96
thermocycler--.

Signed and Sealed this
Eighth Day of March, 2016

Decbatle X Loa

Michelle K. Lee
Director of the United States Patent and Trademark Office
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In column 62, “EMVTGS” in the third line of the sequence for kfoE-derived antigen (SEQ ID NO: 87)
should be replaced with --ELVTSK--.

In column 62, “LITILD” in the first line of the sequence for kfoH (Orfl)-derived antigen (SEQ ID NO:
88) should be replaced with --LITLD--,

In column 62, “DVEQKA” in the third line of the sequence for kfoG-derived antigen (SEQ ID NO:
90) should be replaced with --DVLQKA--.

In column 62, “ENETKS” in the first line of the sequence for kpsT-derived antigen (SEQ ID NO: 91)
should be replaced with --ENLTKS--.

In column 63, “STK EEAS” in the fifth line of kpsD-derived antigen (SEQ ID NO: 94) should be
replaced with --STKEEAS--.

In column 63, “SAGVVWGVKGEQQW VR in the fourth line the sequence for kpsC-derived antigen
(SEQ ID NO: 96) should be replaced with --SACVVWGVKGEQQWR--.

In column 72, line 41: “Appl. Mocrohiol. Biotechnol.” should be replaced with --Appl. Microbiol.
Biotechnol.--.

In column 111, Table 25C, “29.8-32” in the table should be replaced with --29.8-30.2--,
In column 113, Table 27B, “Glycerinr” in the table should be replaced with --Glycerine--.
IN THE CLAIMS

In column 120, claim 23, line 13, “integrated the chromosome™ should be replaced with --integrated
into the chromosome--.



